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SUMMARY 


For  the  growth  of  III-V  nitrides,  three  main  problems  hinder  the 
production  of  device  quality  materials.  They  are  large  lattice  mismatch  between 
nitride  films  and  substrates,  high  n-type  background  concentration  and  difficulty 
in  p-type  doping.  In  the  past  year,  we  focused  on  the  first  problem,  the  lattice 
mismatch.  Different  substrates  and  di^erent  orientations  of  the  substrates  have 
been  used  in  or<kr  to  fmd  a  suitable  substrate  for  the  nitride  growth. 


An  atmospheric  horizontal-type  metalorganic  chemical  vapor  deposition 
(MOCVD)  reactor  was  used  for  the  growth  of  alumini^  nitride  (Ap4),  gallium 
nitride  (GaN)  and  ternary  AlxGai-xN.  (0001),  (1120)  and  (0112)  sapphire 
(AI2O3),  (100)  and  (lll)Si  and  (0001)6H-SiC  were  used  as  substrates.  The  best 
GaN  tilms  obtained  by  our  group,  in  term  of  crystallinity,*  were  grown  on 
(000l)Al2O3  with  an  AIN  mediate  layer.  The  full  width  at  half  maximum 
(PWHM)  of  the  x-ray  rocking  curve  was  as  narrow  as  400  arcsecs.  results 
on  the  other  crystal  orientations  or  substrates  were  600  arcsecs  for  (1120)Al2O3, 
6(X)  arcsecs  for  (0112)Al2O3  and  700  arcsecs  for  (0001)6H-SiC.  Only  orientated 
films  can  be  obtained  on  (100)  and  (1 1  l)Si.  For  the  growth  of  AIN,  a  FWHM  of 
only  97.2  arcsecs  was  obtained  on  (0001)Al203  which  is  the  lowest  value  ever 
reported  to  our  knowledge.  Again,  the  best  ternary  nitride  films  with  about  10% 
of  A1  were  deposited  on  (0001)Al203  with  a  GaN/AlN  structure  as  a  buffer 
layer.  The  FWHM  of  this  ternary  is  about  600  arcsecs. 

In  addition  to  optimizing  the  growth  condi^'ons,  the  surface  polarity  and 
thermal  stability  of  the  films  has  also  been  studied.  It  was  found  that  N- 
terminated  GaN  fllm  had  the  most  stable  surface,  followed  by  the  nonpolar 
surface,  and  the  Ga-terminated  GaN  fllm  had  the  least  stable  surface. 


Theoretical  epitaxial  relationship  studies  were  proceeded  in  order  to 
understand  the  growth  mechanisms.  It  showed  that  the  internee  between 
(OOOl)GaN  and  (0001)Al203  was  better  than  that  of  (1120)GaN  and 
(0112)Al2Oj^  Using  a  crystallographic  model  "Extended  Atomic  Distance 
Mismatch"  (R^M),  we  showed  that  a  better  crystalline  quality  GaN  would  be 
grown  on  (0112)Al2O3,  while  a  better  crystalline  quality  aIn  would  be  grown  on 
(0001)Al203.  We  also  showed  that  Ga  terminated  films  would  be  grown  on  Si- 
terminated  SiC  surface,  while  N  terminated  films  on  C-terminated  SiC  surface. 
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Introduction 


Recently*  die  prospect  of  realizing  photonic  devices  woricing  in  the  blue- 
UV  region  of  the  optical  spectrum  has  led  renewed  interest  in  wide  bandgap 
semiconductors,  hidium,  gallium  and  aluminum  nitrides  (InN,  GaN«  AIN),  with 
direct  bandgaps  of  1.9cV,  3.4eV  and  6.2eV  respectively,  have  been  studied  as 
alternative  materials  to  existing  large  bandgap  II- VI  semiconductors  (SiC  and 
ZnSe).l-3  The  potential  to  realize  AlxGai-xN  alloys,  and  to  a  lesser  extent 
GalnN^  which  would  yield  a  tunable  bandgap  from  1.9  to  6.2eV  is  also  an 
important  advantage  of  m-Nitrides. 

The  main  objective  of  this  study  is  to  investigate  the  feasibility  of  UV 
photodetectors  with  GaN,  AIN  and  AlxGai-xN. 

Up  to  now,  the  realization  of  these  devices  with  Ill-Nitrides  thin  Hlms  has 
been  hindered  by  the  lack  of  an  ideal  substrate  on  which  are  grown  the  epilayers, 
a  high  n-type  background  carrier  concentration  resulting  in  difficulty  to  dope  the 
materials  p-type,  and  a  high  growth  temperature.  1*2  Although  sapphire  (AI2O3) 
has  a  large  misfit  with  both  GaN  and  AIN,  it  is  the  most  widely  used  substratei 
because  of  its  availability,  stability  at  high  temperature.  Moreover  its  hexagonal 
crystal  synunetry  makes  it  suitable  for  the  growth  of  m-Nitrides  which  are 
wurtzitic  in  their  stable  phase.  1 

When  we  were  awarded  the  ONR  contract  in  January  1993,  we  had  just 
begun  the  growth  of  GaN.  At  that  time,  exceUent  GaN  and  AIN  epilayers  have 
been  reported^*^ ,  semi-insulating  and  p-type  GaN  leadiiw  to  the  realization  of 
blue  light  emitting  diodes  (LEDs)  have  also  been  achieved. 


1.  Experimental  details 

All  our  thin  Hlms  were  grown  in  a  horizontal  atmospheric  pressure 
metalorganic  chemical  vapor  deposition  (MOCVD)  reactor.  We  used  a  SiC 
coated  graphile  susceptor  on  the  back  of  which  a  thermocouple  monitors  the 
growth  tempenture  and  provides  feedback  to  the  heating  system.  The  latter  was 
composed  of  pin  infirared  quartz  lamps,  which  limited  our  growth  temperature  to 
1050*0.  The  source  material  flows  were  mixed  just  at  the  entrance  of  the  reactor 
tube  in  order  to  reduce  parasitic  pre-reactions. 

The  starting  materials  for  group  III  elements  were  trimethylgallium 
(TMGa)  and  trimethylaluminum  (TMAl).  The  sources  for  nitrogen  were 
ammonia  (NH3),  tertiarybutylamine  (TBA)  and  methylamine  (CH3NH2). 

We  studied  the  gro^h  of  Ill-Nitrides  on  several  substrates.  These 
included  the  (0001)  and  (0112)  orientations  of  sapphire  substrates  (AI2O3),  (1(X)) 
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oriented  silicon  (Si)  and  (0001)  oriented  silicon  carbide  (6H-SiC).  More 
recently,  we  started  to  use  (1120)Al2O3  and  (lll)Si.  The  substrates  were  first 
degreased  in  (tfganic  solvents,  then  etched  in  acid  solutions,  rinsed  in  deionized 
water  and  dried  with  filtered  nitrogen.  They  were  placed  side  by  side  on  the 
susceptor  during  each  growth. 


II.  Approach 

We  successively  optimized  the  growth  of  GaN,  AIN  and  AlxGai-xN,  and 
compared  the  results  on  each  substrate. 

The  epilayer  surface  morphology  and  chemical  composition  were 
investigated  by  scanning  electron  microscopy  and  Auger  electron  spectroscopy. 
The  crystalline  quality  of  the  films  was  determined  by  high  resolution  x-ray 
diffraction.  The  electrical  properties  were  studied  through  Hall  effect 
measurements.  The  optical  characterizations  included  Fourier  Transform 
Infrared  transmission  (hT'lR),  and  UV  transmission.  We  have  also  mounted  a 
photoluminescence  (PL)  experiment  with  a  UV  laser. 

For  each  substrate  we  used,  we  devised  a  theoretical  model  based  on 
crystallography  and  the  atomic  configurations  of  both  epilayers  and  substrates  in 
order  to  understand  the  growth  mechanisms.^  H 


m.  Growth  of  gallium  nitride 

The  optimization  of  the  growth  conditions  for  GaN  showed  the  best 
epilayers,  structural,  electrical  and  optically  speaking,  were  obtained  with  NH3  as 
tte  N  source,  and  at  the  highest  growth  temperature  we  could  provide  (10S0*C). 
Our  epilayers  were  2.5  to  3pm  thick,  corresponding  to  a  growth  rate  of  about  1.2 
to  2pWhr. 

The  x-ny  rocking  curve  FWHM  was  reduced  from  more  than  several 
thousand  to  near  60  arcsecs  for  GaN  epilayers  grown  directly  on  the  substrates. 
Recently,  we  have  shown  that  with  the  growth  a  high  quality  AIN  thin  film  prior 
to  that  of  the  GaN,  the  x-ray  rocking  curve  FWHM  can  broome  as  low  as  400 
arcsecs  (Fig.  1).  We  were  still  far  from  the  best  value^^ ,  but  our  results  have  to 
be  considered  knowing  we  are  using  a  system  that  limits  the  uniformity  and 
homogeneity  of  our  films  (atmospheric  pressure).  We  believe  that  the  use  of  a 
low  pressure  system  will  allow  us  to  improve  the  crystallinity  of  our  epilayers. 
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Sapphire  and  silicon  carbide  substrates  yielded  the  best  films  in  terms  of 
crystalline  quality. 

All  our  as-grown  GaN  epilayers  were  n-typc.  The  typical  room 
temperature  carrier  concentration  and  electron  mobili^  of  the  films  grown  on 
sapphire  were  n*«10"20cm'3  and  p,*50cm2/Vs  respectively.  1 3  Electrical 
measurements  were  difficult  to  realize  due  to  the  low  uniformity  of  our  layers. 
We  believe  the  electrical  properties  can  be  enhanced  by  the  use  of  low  pressure 
growth. 

We  conducted  a  comparison  between  the  GaN  thin  films  grown  directly  on 
both  (0001)  and  (0112)  orientation  of  sapphire  substrates.13  The  following 
epitaxial  relationships  were  confirmed:  (0001)GaN/(0001)Al203  and 
(1120)GaN/(0112)Al203.  We  showed  that  the  layers  grown  on  (0112)Al2O3 
yielded  a  higher  crystalline  quality,  a  lower  oxygen  incorporation  as  detected 
through  Auger  electron  spectroscopy  (Fig.  2),  higher  electron  mobilities  and 
lower  carrier  concentrations  (Fig^3)  than  the  epilayers  grown  on  (0001)Al203. 
A  lattice  mismatch  between  (1120)GaN  and  (0112)Al2O3  lower  than  between 
((XX)l)GaN  and  (0(X)l)Al2O3  could  explain  these  results. 

Photoluminescence  experiments  were  performed  at  room  temperature  to 
determine  the  optical  quality  of  our  GaN  epilayers.  A  typical  spectrum  is  shown 
in  figure  4.  The  FWHM  was  measured  to  be  about  lOOmeV. 

We  investigated  the  thermal  stability  of  GaN  epilayers.  l^  Thermal  stability 
is  an  important  parameter  in  Che  realization  of  optoelectronic  devices  since 
thermal  treatment  may  be  required  for  technological  steps  such  as  dopant 
activation.  In  addition,  these  devices  are  expected  to  work  at  high  power  and 
high  temperature.  The  studied  films  were  grown  directly  on  (0(X)1),  (0112) 
sapphire,  and  Si  terminated  (0001 )Si  silicon  carbide  substrates.  The  armealing 
temperatures  were  900  and  10(X)*C,  and  the  ambient  gases  were  N2  and  H2. 
Aimealed  under  N2  ambient,  the  films  did  not  decomposed.  Their  crystallinity 
even  improved,  especially  for  the  rilms  grown  on  (0112)Al2O3,  which  was 
attributed  to  the  desorption  of  hydrogen  atoms  incorporated  in  the  films.  For  H2 
ambient,  we  showed  that  the  epilayer^  grown  on  (0(X)l)si  SiC  were  the  most 
stable,  followed  by  those  grown  on  (0112)Al2O3,  and  the  least  stable  ones  were 
those  growiself  (0001)Al203.  We  interpreted  these  results  in  terms  of  difference 
in  the  epilayir  surface  polarity.  The  N  terminated  surface  of  GaN  grown  on 
(0001 )si  SiC  was  more  slowly  attacked  by  hydrogen  atoms  than  the  non  polar 
surface  of  GaN  grown  on  (0112)Al2O3.  The  Ga  terminated  surface  of  GaN 
grown  on  (0001)Al203  yielded  the  fastest  decomposition  rate. 
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lY,  Aluaiamn  nitridt 


Up  to  now,  we  have  oUaiiKd  our  best  results  for  the  growth  of  AIN  using 
NH3  as  the  nitrogen  source.  The  growth  temperature  was  still  limited  to  1050*C. 
Our  layers  were  about  1pm  thick  and  the  growth  rate  was  about  0.5  pm/hr. 

Our  epilayers  grown  on  (0001)Al203  yielded  the  lowest  x-ray  rocking 
curve  FWHM  (97  arcsecs)  ever  reported  to  our  knowledge.  15  In  contrast  to  the 
growth  of  GaN,  the  AIN  layers  grown  on  (0(X)l)Al2O3  had  a  much  higher 
crystalline  quality  than  those  grown  on  (0112)Al2O3  (Fig.  S). 

Electrical  measurements  were  not  possible  due  to  the  high  resistivity  of  our 
AIN  epilayers. 

FTK  experiments  conducted  on  silicon  substrates  successfully  detected  AIN 
phonon  modes.  A  typical  spectrum  is  shown  in  figure  6.  UV  transmission 
measurements  were  also  performed.  They  allowed  us  to  determine  the  band  edge 
of  our  AIN  epilayers  to  be  near  6.2eV  (200nm),  in  accordance  with  reported 
values.  16  We  also  showed  that  the  edge  was  much  sharper  for  the  samples  grown 
on  the  ((XX)!)  orientation  than  on  the  (0112)  orientation  of  AI2O3  substrates  (Fig. 
7). 

Photoluminescence  experiments  did  not  show  any  peak  because  the  energy 
of  our  excitation  laser  (3.8eV  corresponding  to  325nm)  was  lower  than  the 
bandgap  of  AIN  (6.2eV). 

Thermal  annealing  was  performed  on  AIN  epilayers  grown  on  both  (0001) 
and  (0112)Al2O3.l7  As  for  GaN  ,  the  aimealings  were  conducted  at  lOOOX, 
under  N2  and  H2  ambient  gases.  In  contrast  with  GaN,  no  decomposition  occured 
on  either  sample,  under  either  ambient  gas.  The  crystalline  quality  investigated 
by  x-ray  diffraction  was  barely  altered  for  each  sample.  We  attributed  this  to 
reported  high  decomposition  temperatures  of  AIN.  However,  UV  transmission 
spectra  improved  in  all  cases,  a  sharper  edge  was  obtained.  We  are  currently 
interpreting  these  results. 


V.  TeniOT  AiyGai-yN 

Ternary  compounds  AlxGai-xN  were  successfully  grown  for  x  from  0  to 
0.6  by  vaiying  the  gallium  flow  rate.i^  The  growth  was  preceded  by  that  of  a 
high  quality  AIN  layer,  or  GaN/AlN  heterostructure.  We  obtained  a  high 
crystalline  quality  ternary  grown  on  ((XX)l)Al203  substrates  with  a  x-ray  rocking 
curve  FWHM  of  about  10  minutes  (Fig.  8).  The  Hlms  grown  on  the  other 
substrates  had  much  poorer  crystallinity.  It  was  shown  the  crystallinity 
deteriorated  as  the  value  of  x  was  increased. 
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Electrical  measuiements  were  not  reliable  because  of  the  poor  uniformity 
resulting  from  the  growth  at  atmospheric  pressure. 

Photoluminescence  experiments  were  successfully  conducted  on  all  these 
epilayers,  at  77K  room  temperature  18.  in  particular,  a  photoluminescence  peak 
was  detected  for  the  epilayers  grown  on  (l()0)Si  (Fig.  9),  in  spite  of  their  low  the 
crystalline  quality.  All  the  FWHM,  for  GaN  as  well  as  for  AlxGai-xN,  were 
about  95  meV. 


VI.  Theoretical  growth  models 


The  first  crystallographic  model  we  developed  concerned  the  growth  of 
wurtzite-type  thin  films  lattice  matched  to  both  ((XX)1)  and  (0112)  orientations  of 
sapphire  substrates.^  Through  this  model,  we  demonstrated  that  the  layers  grown 
on  (0001)Al203  should  present  a  better  epilayer-substrate  interface  quality  than 
those  grown  on  (0112)Al2O3,  although  the  latter  have  a  lower  lattice  mismatch 
with  (0112)Al2O3.  We  also  showed  that  the  GaN  films  grown  on  (0001)Al203 
were  Ga*teiminated,  while  those  grown  on  (01 12)Ai203  had  a  non  polar  surface, 
which  means  both  Ga  and  N  atoms  are  present. 

Our  second  model  19  introduced  a  concept  we  called  'Extended  Atomic 
Distance  Mismatch'  (EADM)  which  is  &e  lattice  mismatch  between  epilayer  and 
substrate  using  a  longer  period  than  the  lattice  constants.  With  this  concept,  we 
explained  our  experimental  results,  that  is  ((X)01)GaN  grown  on  (0001)Al203  had 
poorer  crystallinity  than  (1120)GaN  grown  on  (0112)Al2O3,  whereas  (OOOI)AIN 
grown  on  (0001)Al203  had  better  crystallinity  than  (1120)A1N  grown  on 
(0112)Al2O3. 

Our  third  modelH  described  the  growth  of  GaN  and  AIN  on  different  SiC 
substrates.  The  (0001)  6H-SiC  and  (111)  3C-SiC  planes  have  the  same  atomic 
configurations,  t^t  is  a  hexagonal  close  packed  arrangement  of  either  Si  or  C 
atoms.  Thus,  we  predicted  a  same  growth  mechanism  for  (0001 )si  6H-SiC  and 
(11  l)si  3C-SiC  and  another  mechanism  for  (OOOl)c  6H-SiC  and  (11  l)c  3C-SiC. 
According  to  ov  model,  the  nitride  epilayers  grown  on  Si-terminated  substrates 
should  be  Ga-(or  Al)-terminated,  while  they  should  be  N-terminated  if  grown  on 
C-terminated  substrates.  However,  other  groups  interpreted  their  experimental 
results  in  the  opposite  way.l^  They  found  that  N-terminated  and  Ga-(or  AO- 
terminated  nitride  layers  were  grown  on  Si-terminated  and  C-terminated 
substrates  respectively. 
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YII.  Futurt  work 


A  new  'horizontal  MOCVD  reactor,  from  AIXTRON,  will  soon  be 
assembled  in  our  group.  It  will  allow  us  to  realize  the  growths  at  low  pressure. 
We  will  also  be  able  to  use  in-situ  plasma  activation  of  source  materials.  With 
this  new  system,  we  expect  further  improvements  in  the  crystalline,  electrical  and 
optical  quality  of  our  epilayers. 

We  will  continue  to  investigate  the  growth  on  different  substrates  and 
determine  which  one  yields  Jhe  best  epilayers.  In  particular,  on  the  new 
substrates  we  started  to  use  (1120)Al2O3  and  (1 1  l)Si. 

Doping  with  bis(cyclopentadienyl)magnesium  will  be  attempted  in  order  to 
get  p-type  AIN.  Then,  the  realization  of  p>n  junctions  with  wide  bandgap  Ill- 
Nitrides  and  that  of  UV  photodetectors  will  be  possible. 

Through  the  crystallographic  models  developed,  we  expect  to  improve  the 
epitaxial  growth  as  well  as  the  doping  efficiency. 
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Figure  1.  X-ny  rocking  curve  of  GaN  grown  on  (0001)Al203. 

Figure  2.  Auger  electron  spectra  for  (a)  GaN  grown  on  (0001)Al203 
(b)  GaN  grown  on  (01 12)Al203. 

Figure  3.  Room  temperature  carrier  concentrations  and  electron  mobilities  of 
GaN  grown  on  (0(X)1)  and  (01 12)Al203. 

Figure  4.  Room  temperature  photoluminescence  spectrum  of  GaN  grown  on 
sapphire  substrates. 

Figure  5.  X-ray  rocking  curve  of  (a)  AIN  grown  on  (0001)Al203  and  (b)  AIN 
AIN  grown  on  (01 12)Al203. 

Figure  6.  Fourier  transform  infrared  spectrum  of  AIN  grown  on  (l(X))Si. 

Figure  7,  UV  transmission  spectra  ofja)  AIN  grown  on  ((XX)l)Al203 
and  (b)  AIN  ^wn  on  (0112)Al2O3. 

Figure  S.  X-ray  rocking  curve  of  Alo.13Gao.87N  grown  on  (0(X)l)Al2O3. 

Figure  9.  Room  temperature  photoluminescence  spectrum  of  GaN  grown  on 
(lOO)Si. 
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Crystallography  of  epitaxial  growth  of  wurtzite-type 
thin  films  on  sapphire  substrates 


P.  Kung*) ,  C.  J.  Sun.  A.  Saxler.  H.  Ohsato^^ ,  and  M.  Razeghi 
Center  for  Quantum  Devices,  Electrical  Engineering  and  Computer  Science  Department 
Northwestern  University.  Evanston.  Illinois  60208 


In  this  paper,  we  present  a  crystallographic  model  to  describe  the  epitaxial  growth  of 
wurtzite-type  thin  films  such  as  gallium  nitride  (GaN)  on  different  orientations  of  sapphire 
(AI2O3)  substrates.  Through  this  model,  we  demonstrate  the  thin  films  grown  on  (00*l)Al203 
have  a  better  epilayer-substrate  interface  quality  than  those  grown  on  (01*2)Al2O3.  We  also 
show  the  epilayer  grown  on  (00*l)Al2O3  are  gallium-terminated,  and  both  (00*1)  and  (01*2) 
surfaces  of  sapphire  crystals  are  oxygen-terminated. 
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L  INTRODUCTION 


Large-bandgap  semiconductors,  such  as  zinc  selenide  (ZnSe)  and  silicon  carbide  (SiC). 
and  more  recently  gallium  nitride  (GaN).  aluminum  nitride  (AIN)  and  Indium  nitride  (InN),  have 
been  widely  studied  for  their  ability  to  be  used  in  optoelectronic  devices  woiicing  at  shon 
wavelengths  (visible  and  UV).l-  The  fabrication  of  such  devices  has  been  mainly  limited  by  a 
high  n-type  background  concentration  and  the  lack  of  a  lattice  matched  substrate.  So  far. 
sapphire  (a-Al203)  substrates  are  the  most  commonly  used,  as  they  give  the  best  crystalline 
quality.  The  GaN  films  grown  on  sapphire  substrates  crystallize  in  the  wurtzite  structure. 

Manasevit  et  al}'^  have  reponed  the  growth  of  silicon  (Si)  thin  films  on  (01»2)Al2O3.  In 
particular,  they  showed  the  epitaxial  relationship  between  (lOO)Si  and  (01*2)Al2O3. 
Experimental  comparisons  between  the  growth  of  III-V  nitrides  on  the  (00»1)  and  (01*2) 
orientations  of  sapphire  have  been  performed,  and  the  epitaxial  reladonships  between  GaN  thin 
films  and  sapphire  substrates  have  been  established  using  electron  diffraction  and  four-crystal 
x-ray  diffraction  methods.^*®  It  was  shown  that  the  (00*1)  planes  of  GaN  were  parallel  to  the 
(00«1)  planes  of  AI2O3  substrates,  while  the  (11»0)  planes  of  GaN  were  parallel  to  the  (01*2) 
planes  of  AI2O3  substrates. 

Sasaki  and  Zembutsu^  showed  the  GaN  epilayers  grown  on  (00*l)Al203  had  a  smaller 
x-ray  rocking  curve  full  width  at  half  maximum  (PWHM)  than  the  ones  grown  on  (01»2)Al2O3, 
suggesting  a  superior  crystallinity  in  the  first  case.  More  recendy.  Sun  and  Razeghi*  obtained 
both  better  crystallinity  and  electrical  results  for  the  GaN  thin  films  grown  on  the  (01*2)Al2O3. 

In  this  p^)er,  we  present  a  crystallographic  model  for  the  growth  of  an  'ideal'  wurtzite- 
type  crystal  on  both  ((X)*l)  and  (01*2)  oriented  sapphire  substrates,  and  compare  this  model  with 
the  experimental  results.  We  call  'ideal'  crystal  an  imaginary  crystal  that  is  lattice  matched  with 
both  orientations  of  sapphire  substrates  used. 
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n.  GENERAL  DESCRIPTION 


Table  I  lists  the  crystallographic  data  for  AI2O3  and  GaN.  Sapphire  is  composed  of 
oxygen  (0-*)  and  aluminum  (Al3+)  ions.  The  0-*  form  a  hexagonal  close  packed  (hep)  structure, 
while  the  Al^-*-  occupy  2/3  of  the  octahedral  sites  (Fig.  1(a)).  The  ionic  radii  are:  r(02*)  *  I.40A, 
r(AP'*‘)  =  0.51  A  as  determined  by  Ahrens.^  Using  hexagonal  axes,  with  the  origin  at  3c,  the  ions 
are  located  at  the  positions  and  coordinates  shown  in  Table  I. 

Gallium  nitride  has  a  wurtzite-type  structure  with  nitrogen  atoms  forming  a  hep  structure 
and  gallium  atoms  occupying  1/2  of  the  tetrahedral  sites  (Fig.  1(b)).  The  ionic  radii  for  nitrogen 
and  gallium  are:  r(N3*)  =  1.71  A  and  r(Ga^‘*‘)  =  0.62A.^  The  positions  and  coordinates  of  ail 
elements  are  given  in  Table  I. 

In  this  paper,  we  have  chosen  to  use  the  Miller-Bravais  notation,  a  four-digit  notation  for 
planes:  (hkil)  or  ihk*[)  with  i=-(h+k);  and  a  three-digit  notadon  for  direcdons:  [uvw]  instead  of 
[U’VTW],  the  conversion  being  done  as  follows: 

U  =  (2u-v)/3  T  =  -(u+v)/3 

V  =  (2v-u)/3  W  =  w 

In  order  to  have  a  lattice  matched  wurtzite-type  epilayer  on  both  (00*1)  and  (01*2) 
orientations  of  sapphire  substrates,  it  is  necessary  to  have  the  following  lattice  parameters  for  the 
epilayer: 

ay^,24^.2.747A 

Ca^,i^S^.5.128A 

We  will  call  'ideal'  such  a  wuitzite-structure  crystal  and  develop  our  model  with  this  ideal  crystal. 
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la  EPITAXIAL  GROWTH 


A.  Epitaxial  rdatioiisiiip  between  (00*l)GaN  and  (00*l)Al2O3 


Fig.  2(a)  and  2(b)  show  the  projections  on  the  ((X)*l)  planes  for  AI2O3  and  GaN 


respectively.  As  we  have  mentioned  before,  these  planes  are  parallel  during  the  epitaxial  growth. 
Generally,  oxides  like  AI2O3  are  ionic  crystals  in  which  small  size  cations  Al^"^  with  bigger 


valency  attract  the  oxygen  ions  tightly.  Thus,  the  surfaces  of  AI2O3  contain  only  oxygen  ions. 
We  will  use  the  notation  ((X)*l)o  AI2O3  for  the  surfaces  in  this  orientation. 

The  relationships  between  the  unit  cells  in  (00*l)GaN  epilayer  and  in  (00*1)  AI2O3  have 
been  determined  by  several  groups.^*^*^^  They  showed  there  was  a  30  rotation  between  the 
fl-axes  of  GaN  and  AI2O3,  as  shown  in  Fig.  2(c).  This  configuration  has  also  been  confirmed  by 
the  precession  x-ray  diffraction  experiments  we  have  recently  conducted,  and  which  will  be 
described  in  a  subsequent  publication. 

As  a  result,  the  translational  period  for  the  a'l  direction  of  GaN  will  be  ocaN*  *nd  the  one 
for  AI2O3  in  the  same  direction  will  be  aAl203^-  The  lattice  mismatch  will  then  be: 


OGflN 


<^A12Q3 

V7 


VT 


16.09% 


B.  Epitaxial  growth  of  ideal  (00*  1)  wurtzite-type  thin  Aims  on  (00*l)Al203 

A  model  of  epitaxial  growth  of  (00*1)  wurtzite-siructure  thin  films  on  (00*l)Al203 
substrates  is  now  developed  using  the  'ideal'  wurtzite-type  crystal  defined  in  section  n.  We  shall 
use  Ga  and  N  to  represent  this  imaginary  crystal.  The  different  steps  in  the  growth  model  are 
shown  in  Fig.  3(a)  to  3(d). 


In  the  first  step,  gallium  ions  deposit  among  the  oxygen  ions  of  the  sapphire  substrate 
surface  (00»l)O  AI2O3  represented  in  Fig.  3(a).  More  precisely,  each  Ga^'*’  is  stacked  on  a 
triangle  of  0-'  (Fig.  3(b)).  since  this  is  the  position  that  minimizes  the  electrostatic  potential  of 
the  cation. 

In  the  second  step,  nitrogen  is  deposited.  Wc  must  consider  two  different  cases.  In  the 
first  case,  the  N^*  ions  form  a  triangle  above  each  deposited  Ga^"^.  thus  constituting  an 
octahedron  around  the  cation  with  the  three  O’"  ions  in  (00*  1)0  AI2O3  mentioned  previously.  In 
the  second  case,  the  N^*  ions  are  positioned  just  above  the  deposited  Ga^*  ion,  this  time  forming 
a  tetrahedron  around  each  cation  with  the  three  0-'  ions  of  (00»l)O  AI2O3.  The  electrostatic 
valences  around  a  nitrogen  ion  were  calculated  in  both  cases  and  gave  a  value  of  3.75  for  the  first 
case,  3  for  the  second.  .According  to  Pauling's  Second  Rule  (the  Electrostatic  Valency 
Principle)^-  the  epitaxial  growth  is  more  likely  to  occur  by  the  second  mechanism,  since  the 
valence  of  a  N^-  ion  is  exactly  3,  This  is  what  has  been  illustrated  in  Fig.  3(c)  for  the  second 
step.  At  this  stage,  the  Ga-N  bond  is  beginning  to  show  a  covalent  aspect,  with  a  tetrahedral 
configuration  featuring  a  sp^  hybrid  orbital. 

In  the  third  step,  Ga  atoms  are  deposited  among  three  N  atoms  to  constitute  a  tetrahedron 
around  each  N  and  form  the  wurtzite-type  structure  of  GaN  thin  films  (Fig.  3(d)). 

The  GaNa  tetrahedra  in  the  epilayer  are  directed  towards  the  top  (away  from  the 
substrate).  This  has  been  illustrated  in  Fig.  Kb).  The  Ga-N  bond  in  the  c-axis  direction  is 
weaker  than  the  sum  of  the  three  other  Ga-N  bonds  in  the  tetrahedron.  Thus,  in  the  final  stage  of 
the  growth,  the  film  will  be  Ga  terminated,  since  the  first  bond  is  likely  to  be  cut 

We  summarize  the  epitaxial  relationships  for  the  growth  of  (00»l)GaN  thin  film  on 
((X)*l)Al203  substrates  in  Table  II. 


C.  Epitaxial  relationship  between  (ll*0)GaN  and  (01*2)Al2O3 
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Fig.  4  shows  the  (01*2)  pbne  of  a  sapphire  crystal  as  well  as  some  specific  directions  in 
the  lattice.  We  can  see  the  translational  periods  in  the  (01»2)  planes  arc  along  the  [100]  (a-axis) 
and  [121]  directions.  The  lattice  periods  in  these  directions  are  given  in  Table  III.  It  can  be 
easily  calculated  that  the  c-axis  makes  a  32*  angle  with  the  [121]  direction.  Note  that  the  (01  *2) 
and  (10«2)  planes  are  not  equivalent :  the  arrangement  of  O-'  ions  is  the  same  in  both  planes,  but 
that  of  the  Al^^  ions  is  different.  The  crystal  symmetry  confurns  this  description.  Indeed,  (10«2  ) 
planes  are  transformed  into  (01  *2)  planes  by  a  rotation  of  60*  around  the  c-axis.  Since  AI2O3  is  a 
trigonal  system  in  which  the  c-axis  is  a  3-foId  axis  only,  the  two  planes  are  not  equivalent. 

Fig.  5(a)  represents  the  projection  on  the  (01*2)  plane  for  the  sapphire  crystal.  The 
studies  of  the  (01*2)  planes  of  sapphire  crystals  conducted  by  Nolder  and  Cadoff  confirm  our 
description  of  the  atomic  arrangements.  We  have  colored  the  Al^"*"  ions  contained  in  a  same 
atomic  layer  parallel  to  the  (01*2)  plane.  It  can  be  seen  that  the  lattice  they  create  is  a  centered 
square  lattice,  favorable  to  die  growth  of  (100)  siiicon^^.  Fig,  5(b)  shows  a  cross  section  by  the 
(2T«0)  plane,  which  is  perpendicular  to  the  (01*2)  plane  (Fig.  4).  The  (01*2)  planes  are  drawn 
horizontally  in  this  cross  section.  We  can  see  the  remarkable  property  that  each  atomic  layer 
parallel  to  the  (01*2)  plane  only  contains  ions  of  the  same  kind  (O^’  or  AP"^). 

Between  two  consecutive  O^*  layers,  there  are  two  possible  configurations.  In  the  first 
one,  there  is  an  Al^'*’  layer  that  binds  tightly  the  two  0-'  layers  by  attractive  electrostatic  forces. 
In  the  second  case,  there  is  no  such  atomic  layer.  As  Fig.  5(b)  shows  it,  there  are  'sequences'  of 
five  atomic  layers  -(O-AI-O-Al-O)-  bound  tightly  together,  and  the  links  between  two  of  such 
'sequences'  are  weaker.  The  (01*2)  surface  of  the  sapphire  crystal  can  then  be  seen  as  a  result  of 
the  cleavage  between  two  'sequences',  as  shown  in  Fig.  5(b).  The  O^*  ions  of  the  'sequence'  that 
has  been  removed  by  the  cleavage  to  form  the(01*2)  surface  are  crosshatched  in  Fig.  5(a)  and 
5(b).  As  we  can  see  in  Fig  5(b),  the  (01*2)  surface  of  the  sapphire  substrate  will  only  contain  O-* 
ions  after  cleavage. 
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These  ions  form  strings  on  the  (01*2)  surface  along  the  [121]  direction  (Fig.  5(a)).  and  are 
periodic  in  the  [100]  direction  with  flAl203  the  translation  vector.  The  0^*  ion  layer  just 
underneath  has  the  same  propeny.  but  the  strings  are  shifted  by  half  a  translation  vector  ( 1/2 
«A1203)  with  respect  to  the  first  layer.  This  way.  the  0-‘  ions  generate  a  ridge-like  structure  on 
the  surface  of  the  (01«2)Al2O3. 

Fig.  6(a)  and  6(b)  represent  projections  on  the  (01*2)  plane  for  AI2O3  and  on  the  (1 1»0  ) 
plane  for  GaN  with  the  translational  symmetry  directions.  As  determined  by  several  groups^-^^. 
the  relationships  between  translational  symmetry  directions,  in  this  growth  orienution.  are  listed 
in  Table  II.  In  Fig  6(c).  we  can  see  that  the  period  of  translation  in  the  [121]  direction  of  AI2O3 
is  almost  3  times  the  period  along  the  c-axis  of  GaN.  The  translational  periods  along  these 
directions  are  listed  In  Table  HI.  More  precisely,  the  lattice  ntismatches  are  as  follows: 

for  the  direction  [(X)l]GaN  II  [T21JA1203  :  ^ ^ 3Qyuo3-HC =1.11% 

( ^  3axuo3+cxuo3 ) 


for  the  direction  [irO]GaN  II  [1(X)]A1203  : 


flCaN  • 
^.A1203 

VT 


16.09% 


The  1%  lattice  mismatch  is  much  smaller  along  the  [001]  direction  of  GaN.  parallel  to  the  [121] 
direction  of  Ai203;  than  the  16%  along  the  [iTO]  direction  of  GaN,  parallel  to  the  [100]  direction 
of  AI2O3. 


D.  EpiUxiai  growth  of  ideal  (11»0)  wurtzite-type  thin  films  on  (Ol’ZjAhOa 

As  in  section  III.  B,  we  now  use  the  ideal’  wunzite-type  crystal  to  describe  the  growth 
model  of  (11«0)  wurtzite-type  thin  films  on  (01*2)  sapphire  substrates.  We  will  note  Ga  and  N 
the  atoms  involved  in  this  crystal. 
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As  determined  in  the  section  above,  the  (01«2)  surface  of  the  sapphire  substrate  contains 
only  O^',  and  the  atomic  layer  just  underneath  contains  only  The  presence  of  this  cationic 
layer  is  the  origin  of  electrostatic  forces  that  prevent  other  cations  from  locating  just  above  the 
surface  O^'  layer.  This  explains  why,  between  0-‘  layers,  there  is  not  always  an  Ap"^  layer. 
Thus,  it  is  not  likely  to  have  the  deposition  of  cations  (Ga^"^)  first  on  the  surface  of  the  substrate. 

In  the  first  step,  N^*  ions  occupy  the  sites  vacated  by  the  0-'  ions  (crosshatched  in  Fig. 
5(a)  and  5(b)).  in  the  ‘valleys’  formed  by  the  0-'  ridges  on  the  substrate  surface.  Just  after.  Ga-* 
ions  bind  with  the  N^*  (Fig.  7(a)  and  7(b))  to  stan  constituting  the  atomic  arrangement  of  the 
(1 1*0)  planes  of  GaN  (shown  in  Fig  7(c)  and  7(d)).  The  N-*  ions  do  not  occupy  all  the  vacated 
O^*  sites,  but  only  half  of  them  because  the  whole  pattern  of  Fig  7(c)  cannot  fit  in  a  single 
'valley'.  In  the  second  step,  Ga  and  N  atoms  deposit  in  the  hollow  areas  left  after  the  first  step, 
and  combine  with  the  previously  deposited  Ga  and  N  atoms.  In  the  third  (Fig.  7(d)).  and 
subsequent  steps,  another  atomic  pattern  deposits  in  the  same  way. 

The  squares  we  have  drawn  on  the  figures  illustrate  that  each  step  of  the  growth  is  always 
at  the  same  vertical  position  (in  the  growth  direction).  We  can  thus  see  the  relative  disposition  of 
the  ions  as  the  growth  progresses  if  we  stack  the  figures  7(a).  (c)  and  (d). 

We  summarize  the  epitaxial  relationships  for  the  growth  of  (ll»0)GaN  thin  film  on 
(01»2)Al2O3  substrates  in  Table  IL 


E.  Discussion 

For  the  ‘ideal’  wurtzite-type  crystal  grown  on  (00»l)Al2O3,  the  growth  direction  and  the 
in  plane-directions  (Table  II)  are  such  that  the  hep  structure  of  the  O^'  in  the  sapphire  substrate  is 
continued  by  that  of  the  N  in  GaN.  The  chemical  bonds  in  the  epilayer  change  gradually  from 
their  ionic  nature  at  the  interface  to  covalent  in  the  wurtzite-type  crystal.  In  the  epitaxy  of  'ideal' 
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wunzite-type  thin  films  on  the  (00*  1)  orientation  of  sapphire  substrates,  there  is  no  defect  at  the 
interface. 

For  ‘ideal’  wurtzite-type  crystals  grown  on  (01»2)Al2O3,  there  is  a  discontinuity  in  the 
hep  stacking,  which  allows  N^*  to  occupy  only  half  the  sites  vacated  by  O^*.  This  should 
increase  the  density  of  defects  at  the  interface  and  lead  to  a  lower  crystal  quality. 

However,  better  experimental  results  have  been  obtained  with  GaN  thin  films  grown  on 
the  (01  *2)  orientation  of  sapphire  substrate*.  This  may  prove  that  reducing  the  lattice  mismatch 
between  epilayer  and  substrate  to  1%  in  the  [001]  direction  of  GaN  (parallel  to  the  [121] 
direction  of  AI2O3),  and  a  ridge-like  structure  that  allows  a  progressive  relaxation  of  the  16% 
mismatch  in  the  [iTO]  direction  of  GaN  (parallel  to  the  [1(X)]  direction  of  AI2O3).  are  key 
elements  in  growing  high  quality  films. 


rv.  SUMMARY 

We  have  proposed  a  model  describing  the  epitaxial  growth  of  'ideal'  wurtzite-type  thin 
films  on  both  (00»1)  and  (01*2)  orientations  of  sapphire  substrates.  Through  this  model,  we  have 
been  able  to  deduce  some  information  about  the  growth: 

1.  In  the  case  of  the  'ideal'  wurtzite-type  GaN  thin  films  grown  on  ((X)*l)Al203  substrates,  the 
hep  structure  of  the  O^*  ions  in  the  sapphire  is  continued  by  that  of  the  N  atoms  in  the  GaN, 
without  any  defect  at  the  interface.  In  the  case  of  the  epitaxy  of  'ideal'  wurtzite-type  GaN  thin 
films  on  (01«2)Al2O3  substrates,  the  hep  structure  of  the  O^-  ions  in  the  sapphire  is  not  continued 
in  the  GaN  epilayer,  and  some  defects  appear  at  the  interface.  As  a  result,  the  epilayer-substrate 
interface  in  the  first  case  has  a  higher  quality  than  in  the  second. 
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Better  experimental  results  for  the  GaN  epilayers  grown  on  (01*2)Al2O3  can  be  explained  by  a 
lower  lattice  mismatch  along  one  in-plane  direction  and  a  bener  relaxation  of  the  mismatch  along 
the  other  direction. 

2.  The  GaN  thin  films  grown  on  (OO'UAhOs  substrates  are  Ga-terminated  at  the  surface. 

3.  The  surfaces  of  both  (00*  1)  and  (01  *2)  orientations  of  sapphire  crystals  are  O-terminated. 
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Coordination 
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TABLE  n.  Epitaxial  relationships  for  the  growth  of  GaN  crystal  on  (00*  1)  and  (01*2)Al2C>3. 


Growth  direction  reiaticNiship 

In*plane  direction  relationship 

Epilayer 

Substrate 

Epilayer 

Substrate 

(00*l)GaN 

(00«l)Al203 

[100]  (GaN) 

*1  [110](a12O3) 

[010]  (GaN*) 

I*  [120](a12O3) 

(ll*0)GaN 

(01»2)Al2O3 

[iTO]  (GaN) 

II  [100](a12O3) 

• 

[001]  (GaN) 

II  [T21](ai203) 

TABLE  m.  In^lane  translancnal  periods  for  (1  l«0)GaNII(01*2)Al203. 
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FIGURE  CAPTIONS 


FIG.  1.  Structures  of  sapphire  and  gallium  nitride,  (a):  hep  structure  of  the  O^-  ions  in  AI2O3 
with  the  Al^  ions  occupying  2/3  of  the  octahedral  sites,  (b):  hep  structure  of  the  N 
atoms  in  GaN  with  the  Ga  atoms  occupying  1/2  of  the  tetrahedral  sites.. 

FIG.  2.  Epitaxy  of  (00«l)GaN  on  (00* l)Al203.  Projections  on  (00*1)  planes  (a):  for  AI2O3 
and  (b):  for  GaN.  (c):  Epitaxial  relationship  between  the  epilayer  and  the  substrate. 

FIG.  3.  Epitaxial  growth  of  ideal  (00»1)  wurtziie-type  thin  films  (atoms  labeled  Ga  and  N)  on 
((X)*l)Al203.  (a);  AI2O3  substrate  surface  ((X)*  1)0  AI2O3.  (b):  1st  step.  Ga^  ions 
deposit  among  die  0-*.  (c):  2nd  step,  N'*  combine  with  Ga^.  (d):  3rd  step,  GaN 
thin  film  starts  to  grow. 

FIG.  4.  (01*2)  plane  of  the  s^phire  crystal  shown  in  an  orthographic  projection  of  the 

sapphire  lattice. 

FIG.  5.  Projections  of  the  s^phire  crystal,  (a):  on  (01»2')  plane,  (b):  on  (21*0)  plane  (cross 
section),  the  (01*2)  planes  are  drawn  horizontally.  The  crosshacthed  O^*  ions  mark 
the  location  of  the  oxygen  layer  that  would  have  been  just  above  the  (01*2)  surface. 

FIG.  6.  Epitaxy  of  (1  l«0)GaN  on  (01*2)Al2O3.  Projections  (a):  on  (01*2)  plane  for  AI2O3 
and  (b):  on  (1 1*0)  plane  for  GaN.  (c):  Epitaxial  relationship  between  the  epilayer 
and  the  substrate. 

Fig.  7.  Epitaxial  growth  of  ideal  (11*0)  wurtzite-^'pe  thin  films  (atoms  labeled  Ga  and  N)  on 
(01»2)Al2O3.  (a):  1st  step,  Ga  and  N  deposit  in  the  'valleys'  of  the  ridge-like 
structure  of  the  (01»2)O  AI2O3  surface:  projection  on  (01»2)  plane  of  AI2O3, 

(b):  1st  step,  projection  on  (21*0)  plane  of  AI2O3  (cross  section),  (c):  2nd  step. 

(d):  3rd  step,  GaN  thin  film  growth. 
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A  CrysUUosraphk  Model  of  (00*1)  Aluminum  Nitride  Epitaxial  Thin 
Film  Growth  on  (00*1)  Sapphire  Substrate 

C  J.  Sun,  P.  Kung,  A.  Saxler,  H.  Ohsato  and  M.  Razcghi 
Center  for  Quantum  Devices 

Department  of  Electrical  Engineering  and  Computer  Science 
Northwestern  University,  Evanston,  Olinois  60208 

High-quality  thin  aluminum  nitride  films  were  grown  on  different  orientations  of 
sapphire  substrates  by  Metalorganic  Chemical  Vapor  Deposition.  (00*1)  AIN  thin 
film  grown  on  (00«1)  AI2O3  has  better  crystallinity  than  (11«0)  AIN  on  (01*2) 
sapphire.  Full  width  at  half  maximum  of  rocking  curve  is  97.2  arc  seconds,  which 
is  the  narrowest  value  to  our  knowledge.  A  crystallographic  model  between  AIN 
thin  films  and  sapphire  substrates  was  proposed  to  explain  the  process  of  crystal 
growth.  "Extended  atomic  distance  mismatch"  was  introduced  which  is  the 
mismatch  of  atomic  distance  for  a  longer  period.  It  is  shown  that  the  mismatch  is 
relaxed  by  edge-type  dislocations.  Extended  atomic  distance  mismatch  was  used 
to  interpret  the  results  that  (00-1)  AIN  has  better  crystallinity  than  (1 1*0)  AIN.  but 
(1 1*0)  GaN  has  better  crystallinity  than  (00*1)  GaN. 
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L  INTRODUCTION 


Aluminum  nitride  (AIN)  is  one  of  the  most  promising  wide-bandgap  III-V 
semiconductors  with  GaN  and  InN  for  visible  and  ultra-violet  (UV)  optoelectronic 
devices.  AlxGai.xN^  has  a  tunable  direct  band  gap  (6.28eV  for  x«l  to  3.39eV  for  xsO). 
The  fabrication  of  such  devices  has  been  mainly  limited  by  a  high  n-type  background 
concentration  and  the  lack  of  a  lattice  matched  substrate.  So  far.  sapphire  substrates  (a- 
AI2O3)  are  the  most  commonly  used  as  they  give  the  best  crystalline  quality.* 

The  epitaxial  reladonship  of  'ideal  wurtzite-type'  thin  films  without  lattice  mismatch 
on  sapphire  substrates  has  been  repotted.^  Better  quality  thin  films  are  expected  to  be  on 
(00«1)  AI2O3.  In  the  case  of  (00*1)  wurtzite-type  thin  films  grown  on  (00*1)  AI2O3,  the 
hexagonal  closed  packing  (hep)  of  the  in  the  sapphire  substrate  is  continuous  with  the 
hep  of  N  in  GaN  or  AIN.  For  (1 1*0)  oriented  thin  film  grown  on  (01*2)  sapphire,  there  is 
a  discontinuity  growth  at  the  interface  so  as  to  make  defects.  Recently,  Sun  and  Razeghi-* 
reported  that  better  quality  of  GaN  films  were  found  on  (01*2)  sapphire  which  is  contrary 
to  what  is  expected.  In  this  work,  we  repon  the  characterization  of  the  AIN  thin  films  and 
propose  a  new  model  of  the  epitaxial  relationship  between  AIN  thin  films  and  sapphire 
substrates. 

n.  GENERAL  DESCRIPTION 
A.  Crystal  data 

Table  I  lists  the  crystallographic  data  for  AI2O3.  AIN  and  GaN.  The  Cfi-  ions  of 
sapphire  form  a  hep  structure  and  AP'*’  ions  occupy  2/3  of  the  octahedral  sites  in  the  hep. 
AIN  and  GaN  have  a  wurtzite-type  structure  with  nitrogen  atoms  forming  hep,  and 
aluminum  and  gallium  atoms  occupying  all  of  the  upward  tetrahedral  sites.  In  this  paper, 
we  use  the  Miller-Bravais  notation  (hki[)  or  (hk»l)  for  planes  and  a  three-digit  notation 
[iiwv]  for  directions  as  mentioned  in  our  previous  paper^. 
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B.  Epitaxial  rtiatioiiship  betwfcn  AIN  and  GaN  thin  films  and  sapphire  substrates 

Fig.l(s)  shows  the  epitaxial  relationship  of  (OOl)  AIN  on  (00*1)  AI2O3.  The  AIN 
unit  cell  is  rotated  by  30*  around  the  c  -axis  with  respect  to  that  of  AI2O3.  The  lattice 
mismatch  between  [100]  direction  of  AIN  and  (llOJ  direction  of  sapphire,  is  13.29%.  In 
the  same  way,  the  lattice  mismatch  is  calculated  to  be  16.09%  for  CaN.^ 

Fig.  1(b)  shows  the  epitaxial  reladonship  of  (11»0)  AIN  on  (01»2)  AI2O3.  "Valley” 
and  "ridge"  like  structures  were  formed  on  the  oxygen- terminated  (01  *2)0  surface  of 
sapphire  Lattice  mismatch  in  the  c-axis  direction  of  AIN  is  different  from  that  in  the 
direcQon  perpendicular  to  the  c-axis.  The  former  is  -2.85%,  and  the  latter  is  13.29%. 
The  two  values  for  GaN  are  1. 1 1%  and  16.09%,  reflectively^. 

ni  Experimental  results 

A.  Growth  of  AIN 

AIN  thin  films  were  grown  on  sapphire  and  silicon  substrates  by  horizontal 
atmospheric  pressure  metalorganic  chemical  vapor  deposition  (MCXIVD)  reactor.  A  dual 
infra-red  lamp  heating  configuration  was  used  to  heat  the  graphite  susceptor  which  was 
inclined  at  15*’  with  respect  to  horizontal.  A  thermocouple  inserted  into  the  susceptor 
monitored  its  temperature  and  provided  feedback  to  the  temperature  controller. 
Trimethylaluminum  (TMAl)  and  ammonia  (NH3)  were  used  as  A1  and  N  source 
nuuerials,  respectively,  ^ntrogen  (N2)  was  used  as  the  carrier  gas.  Growth  temperature 
was  varied  from  900^  to  1050^0.  TMAl  bubbler  temperature  was  kept  at  25°C  and 
carrier  gas  bubbliiv  flow  rates  were  2.5-5  cc/min.  The  amnwnia  flow  rate  varied  from 
4(X)  to  800  cc/miii,  while  total  gas  flow  remained  constant  at  1600  cc/min.  (00*1),  (01*2) 
sapphire  and  (100)  Si  were  used  as  substrates.  Sapphire  substrates  were  etched  by  a  hot 
solution  of  H3PO4  :  H2SO4  »  1:3.  rinsed  in  lionized  water  and  blowed  dry  with  filtered 
nitrogen.  Si  substrates  were  cleaned  by  dipping  in  hydrofluoric  acid  prior  to  growth. 
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rinsed  and  Mowed  dry.  In  order  to  reduce  parasitic  chemical  reactions,  TMAl  and  NH3 
were  mixed  at  the  entrance  of  the  reactor  chamber. 

A  high  resolution  X-ray  diffractometer  with  a  four  crystal  monochrometer  (MPD 
1 880  /HP)  were  used  to  identify  the  crystallinity  of  the  films.^  Fourier  transform  infrared 
spectroscopy  (FTIR)  was  used  to  find  the  phonon  modes  for  Al-N  bonds.  Only  films 
grown  on  Si  substrates  were  used  since  sapphire  crystals  absorb  radiation  in  the  Al-N 
spectral  region.  UV  transmission  spectroscopy  was  used  for  measuring  the  absorption 
edge  of  the  AIN  films. 

B.  Chameferization  of  AIN 

Both  AIN  films' grown  on  (00*1)  and  (01  *2)  sapphire  were  identified  with  wurtzite- 
type  structures  by  X-ray  diffraction  spectra.  AIN  thin  film  grown  on  ((X)»l)  sapphire  is 
((X)*l)  oriented  and  that  on  (01»2)  AI2O3  is  (11«0)  oriented.  The  full  width  at  half 
maximum  (FWHM)  of  00«2  diffraction  line  of  (00*1)  AIN  thin  film  was  97.2  arc  seconds 
which  is  the  narrowest  value  reported  to  our  knowledge.  While  for  (11*0)  AIN  thin  film, 
the  FWHM  of  1 1*0  diffraction  line  is  3200  arc  seconds. 

FTIR  transmission  spectra  show  a  clear  peak  at  665  cm**,  which  corresponds  to  the 
transverse  optical  mode  TOi*665  cm**  of  AI-N  bond^. 

UV  transmission  spectra  show  that  ((X}*1)  AIN  thin  film  on  (00*1)  sapphire  has  a 
sharp  edge  at  about  197  nm  wave  length,  confirming  the  presence  of  high  quality  AIN 
thin  film.  (11*0)  AIN  thin  film  grown  on  (01*2)  sapphire  shows  a  much  less  sharp  edge 
at  213  nm  wave  length. 

IV.  A  Crystallographic  Model  of  AIN  thin  films  tni  sapphire  substrates 

A.  Epitaxial  rdationship  between  (00*1)  AIN  and  (00*1)  sapphire 

We  previously  reported  a  model  of  epitaxial  growth  of  thin  films  with  an  'ideal' 

wurtzite-type  crystal  structure,  grown  on  sapphire  substrates^.  In  this  paper,  a  model  of 

epitaxial  growth  of  wurtzite-type  AIN  single  crystal  is  proposed  including  the  formation 

4 


of  dislocations,  as  shown  in  Fig.  2.  The  theoretical  model  presented  in  Fig.  2  is  derived 
based  on  the  crystallographic  relationship  described  previously  and  crystallochemistry. 
Since  the  (00*1)  surface  of  sapphire  is  oxygen  terminued.  A1  atoms  will  be  seated  among 
three  oxygen  atoms,  making  the  same  structure  of  sapphire  in  the  first  step  of  AIN 
epitaxial  growth.  Lattice  mismatch  was  met  when  N  generated  from  NHs  combined  with 
A1  ions  to  make  a  tetrahedron  with  the  oxygen  on  the  sapphire  surface.  The  chemical 
bonds  change  gradually  from  their  ionic  nature  to  covalent  nature:  the  bonding  between 
A1  ion  and  O  ion  of  sapphire  is  ionic,  and  the  A1  atoms  and  N  atoms  make  sp^  hybrid 
orbital  with  covalent  nature.  Lattice  mismatch  can  be  calculated  from  the  change  of  Al- 
A1  atomic  distances  between  AIN  and  AI2O3.  The  Al-Al  distance  in  [iTO]  direction  of 
sapphire  is  2.747A,  and  that  of  AIN  in  [100]  is  3.1 12A.  Thus  lattice  mismatch  is  13.29%. 
8:9  is  the  smallest  nonreducible  integral  ratio  for  2.747:  3.1 12.  Therefore,  nine  times  the 
Al-Al  distance  of  AI2O3  is  nearly  equal  to  eight  times  that  of  AIN  as  shown  in  Fig.  2. 
Edge  type  dislocations  arc  generated  in  every  8  N  atoms  during  the  strain  layer  growth. 
Strain  layer  will  be  relaxed,  that  is  the  Al-Al  atomic  distance  will  gradually  change  from 
2.747  to  3.I12A,  and  single  crystal  of  AIN  growth  begins.  A  new  definition  of  lattice 
mismatch  "Extended  Atomic  Distance  Mismatch"  (EADM)  for  large  lattice  mismatch 
epitaxial  growth  is  as  follows: 

EADM 

I’d 

where,  I  and  I  are  integers,  d  and  d  are  atomic  distances  of  epilayer  and  substrate, 
respectively.  I  and  I  are  determined  in  the  following  way:  d:d  -  1:1,  where  I:I  is  the 
smallest  nonreducible  integral  ratio  for  d;d .  The  difference  of  I  and  I’  is  one  which 
introduces  a  periodic  edge-type  dislocation.  In  the  case  of  (00»1)  AIN,  the  dislocations 
appear  on  a  nonoccupied  octahedron  as  shown  in  Fig.  2. 

According  to  this  definition,  I  and  I  are  found  to  be  9  and  8  which  has  exactly  the 
same  relationship  as  derived  from  the  growth  model.  So  EADM  is  equal  to  0.70% 
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between  [ICO]  of  AIN  and  [iTO]  of  sapphire.  In  the  same  way,  I:I  is  6:5  as  considering 
the  periodic  array  of  Ga  atoms,  and  EAOM  is  -3.27%  for  the  case  of  GaN.  which  has  a 
lattice  mismatch  of  16.09%  as  shown  in  Table  II. 

B.  Epitaxial  relatioostiip  between  (11«0)  AIN  and  (01*2)  sapphire 

Contrary  to  the  hep  symmetry  of  (00*1)  AIN  and  (00»1)  sapphire,  (11*0)  AIN  and 
(01*2)  sapphire  have  rectangular  symmetry.  Two  directions  of  lattice  mismatch  have  to 
be  considered.  One  is  calculated  from  the  [iTO]  direction  of  AIN  and  the  [100]  of 
sapphire.  The  other  is  calculated  from  the  [001]  direction  of  AIN  and  the  [Til]  of 
sapphire.  As  N  and  O  atoms  have  a  very  important  role  in  the  initial  few  growth  steps, 
N-N  and  0-0  atomic  distances  are  used  to  explain  lattice  mismatch. 

In  the  first  direction,  we  consider  the  lattice  mismatch  between  [iTO]  of  AIN  and 
[100]  of  sapphire.  The  N-N  atomic  distance  of  the  [iTO]  of  AIN  is  5.390A  and  the  0-0 
atomic  distance  of  the  [100]  direction  of  sapphire  is  4.758A,  so  lattice  mismatch  is 
13.29%.  On  the  surface  of  (01«2)  sapphire  as  shown  in  Fig.  3.  0  atoms  form  the  ridge 
and  valley-like  structure  and  N  atoms  with  A1  will  grow  at  the  valley-like  sites  between 
the  ridges.  N  atoms  are  attracted  by  A1  ions  underneath  the  0  surface  and  form  the 
A1(05,N)  octahedron.  As  the  electrical  charge  and  radius  of  N  and  O  are  different,  N 
could  not  occupy  all  the  valley  sites.  In  [iTO]  direction  of  AIN,  there  are  five  valley  sites 
(stable)  and  three  ridge  sites  (unstable)  for  nitrogen  atoms,  for  every  eight  N-N  atomic 
distances.  Five  N  atoms  will  fill  the  five  valley  sites,  while  no  N  atoms  will  fill  the  ridge 
sites  in  both  A  and  B  layers.  As  EADM  is  considered.  I  and  I  are  given  to  be  9  and  8, 
and  EADM  is  calculated  to  be  0.70%,  Nine  times  of  0-0  distance  of  sapphire  is  about 
equal  to  eight  times  the  N-N  distance  of  AIN.  yielding  the  same  results  as  (00*1)  AIN  on 
(00*1)  AI2O3. 

In  the  second  direction,  we  consider  [001]  AIN  and  [Til]  sapphire.  The  N  atoms  are 
seated  in  ...ABABAB...  structure  with  about  two  and  two  third  times  the  N-N  atomic 
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distance  shift  between  A  and  B  layers.  The  N-N  distance  of  [001]  AIN  is  4.982A  and  the 
0-0  distance  of  [T21]  sapphire  is  5.128A.  so  the  lattice  mismatch  is  -2.85%.  As  EADM 
is  considered,  I  and  I*  are  given  thirty-five  and  thirty-six,  respectively.  This  period  length 
is  about  179  A  which  is  too  long  to  introduce  only  one  dislocation,  because  other  defects 
might  appear  in  this  period.  The  actually  lowest  mismatch  limit  to  the  applicability  of 
EADM  cannot  be  determined  without  further  study.  This  limit  should  depend  on  the 
deformation  potentials  of  the  epilayer  as  well  as  on  the  nature  and  concentration  of 
defects  present  in  the  epilayer.  So  EADM  can  no  longer  be  applied  for  this  case.  In  other 
words,  I  and  I  are  chosen  to  be  1,  when  small  lattice  mismatch  is  met 

C.  Comparison  of  AIN  and  GaN  growth  on  two  different  sapphire  orientations 

Table  II  shows  the  results  of  EADM  of  AIN  and  GaN  growth  on  AI2O3.  For  AIN 
growth,  EADM  in  [100]  direction  (0.70%)  is  equivalent  to  that  in  [iTO]  direction,  while 
EADM  in  [001]  direction  is  -2.85%.  As  EADM  between  (00»1)  AIN  and  (00*1)  AI2O3  is 
smaller  than  that  between  (1 1*0)  AIN  and  (01  *2)  Ai203.  better  crystallinity  is  observed  on 
(00*  1)  sapphire  substrate. 

For  GaN  growth,  EADM  in  [001]  direction  is  1.11%,  which  is  smaller  than  that  (- 
3.27%)  in  [100]  direction.  So,  (11«0)  GaN  thin  films  grown  on  (01  *2)  s^phire  were 
observed  to  have  better  crystallinity  than  that  on  (00»1)  sapphire. 

V,  Condusioiis 

First,  high  quality  AIN  thin  films  were  obtained  on  sapphire  substrates  by  MCXTVD. 
We  showed  that  (00*1)  AIN  thin  film  grown  on  ((X)»l)  sapphire  has  better  crystallinity 
than  (1 1»0)  AIN  on  (01*2)  sapphire.  FWHM  of  the  rocking  curve  is  97.2  arc  seconds  and 
the  absorption  edge  is  at  197nm. 

Second,  a  crystallographic  model  between  AIN  thin  films  and  sapphire  substrates  was 
proposed  to  explain  the  process  of  crystal  growth: 
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(a)  A  new  definition  of  lattice  mismatch  for  a  longer  period  called  "extended  Atomic 
Distance  Mismatch"  or  "EADM",  has  been  introduced. 

(b)  The  relaxation  of  strain  layer  growth  is  due  to  the  creation  of  edge-type 
dislocations. 

Third,  better  crystallinity  has  been  observed  on  (00«1)  AIN  and  (1 1»0)  GaN.  EADM 
(0.70%)  for  (00*1)  AIN  thin  film  on  the  (00*1)  sapphire  is  smaller  than  that  (-2.85%)  for 
(11*0)  AIN  on  (01*2)  AI2O3.  While  EADM  (-3.27%)  for  (00«1)  GaN  thin  film  on  the 
(00*1)  sapphire  is  larger  than  that  (1.11%)  for  (1 1*0)  GaN  on  (01»2)  AI2O3. 

It  was  found  EADM  used  for  large  lattice  mismatch  epitaxial  growth  can  accurately 
explain  the  different  phenomena  in  nitride  growth. 
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FIGURE  CAPTIONS 

Fig.l.  Epitaxial  relationship  between  AIN  thin  films  and  sapphire  substrates,  (a)  (00»1) 
AIN  crystal  structure  on  (00*1)  sapphire  crystal  structure,  d  and  d'  are  the  Al-Al 
atomic  distances  of  sapphire  and  AIN,  respectively.  The  unit  cells  of  sapphire  and 
AIN  are  expressed  by  thick  solid  lines,  (b)  (11»0)  AIN  crystal  structure  on  (01  *2) 
sapphire  crystal  structure. 

Fig.2.  A  crystallographic  model  of  cross  sectional  plane  of  Fig.  1(a),  EADM  is  shown 
between  eight  times  of  the  Al-Al  atomic  distance  of  AIN  and  nine  times  of  the  Al- 
Al  atomic  distance  of  sapphire.  Moreover.  The  strain  layer  growth  of  AIN  is 
relaxed  by  the  creation  of  edge-type  dislocations. 

Fig.3.  A  crystallographic  model  of  the  first  step  growth  of  (1 1*0)  AIN  on  (01»2)  sapphire. 
Oxygen  atoms  on  (01  *2)  sapphire  surface  form  ridges  and  valleys.  N  atoms  are 
filled  in  the  valley  sites  but  not  in  the  ridge  sites.  The  former  are  expressed  by 
solid  circles,  and  the  latter  are  expressed  by  null  circles.  EADM.  between  [iT  0] 
AIN  and  [100]  sapphire,  has  the  same  value  as  in  Fig.2. 
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TABLES 

Table  I.  Crystal  data  of  AIN  and  sapphire. 

Table  II.  Lattice  mismatches  and  Extended  Atomic  Distance  Mismatches  (EADM)  of 
AIN  and  GaN  on  sapphire. 
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Table  I.  Crystal  data  of  AIN  and  sapphire. 


AI2O3 

AIN 

Structures 

corundum 

wurtzite 

Crystal  systems 

trigonal 

hexagonal 

Space  groups 

f^c  (No.167) 

P  6ync 

Origins 

3c 

3m  1 

Lattice  parameters  a  s 

4.758A 

3.II2A 

'  c  * 

I2.991A 

4.982A 

2 

6 

2 

Atoms 

02- 

Al^-*- 

n3+ 

A13+ 

Positions 

18e 

12c 

2b 

2b 

Site  symmetries 

.2. 

3. 

3/n. 

3m. 

coordinates 

0.306,0, 1/4 

0,0,0.352 

0. 0, 0.375  0, 0, 0 
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Table  II.  Lattice  mismatches  and  extended  atomic  distance  mismatches  (EADM)  of  AIN  and 
GaN  on  sapphire. 


Films  on  substrates 

Directions 

Lattice  mismatches 

E.\D.M 

(00«l)AlN//(00‘l)A-l2O3 

[100]AlN//[lT0]Al2O3 

13.29% 

0.70% 

(11«0)A1N//(01.2)A1203 

[lT01AlN//il00]Al2O3 

13.29% 

0.70% 

[001]A1N//[T211A1203 

-2.85% 

-2.85% 

(00*l)GaN//(00*l)Al203 

[100]GaN//[lT0]Al2O3 

16.09% 

-3.27% 

(ll«0)GaN//(01«2)Al203 

[lT0]GaN/A100]Al2O3 

16.09% 

-3.27% 

[001]GaN//[T211Al203 

1.11% 

1.11% 
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Comparison  of  the  physical  propartias  cf  GaN  thin  films  dapositad 
on  (cioOl)  and  (0112)  sapphira  substratas 

Chi«n-J«n  Sun  and  Manijeh  Razeghi 

Ctnur/or  QnoHOim  Dtvkts.  Dtpanmtnt  of  EUctrical  Engiiutniig  and  CofHpuur  Scunet. 
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(Received  12  Febnury  1993;  accepted  for  publication  30  April  1993) 

A  direct  comparison  of  the  physical  properties  of  GaN  thin  films  is  made  as  a  function  of  the 
choice  of  substrate  orientations.  Gallium  nitride  single  crystals  were  grown  on  ((X)01)  and 
(0112)  sapphire  substrates  by  metalorganic  chemical  vapor  deposition,  ^tter  crystallinity  with 
fine  ridgelike  facets  is  obtained  on  the  (0ll2)  sapphire.  Also  lower  carrier  concentration  and 
higher  mobilities  indicate  both  lower  nitrogen  vacancies  and  less  oxygen  incorporation  on  the 
(01 12)  sapphire^  The  results  of  this  study  show  better  physical  properties  of  GaN  thin  films 
achieved  on  (0ll2)  sapphire. 


Gallium  nitride  (GaN)  is  one  of  the  most  promising 
wide-gap  III-V  semiconductors  for  optical  devices  in  the 
region  of  blue  to  ultraviolet  light,  bemuse  it  has  a  direct 
band  gap  of  3.39  eV  and  high  external  photoluminescence 
quantum  efficiency.  It  has  been  very  difficult  to  obtain 
high-quality  GaN  films  because  of  the  large  lattice  mis¬ 
match  and  the  large  difference  in  the  thermal  expansion 
coefficient  between  GaN  and  substrates.'  Numerous  sub¬ 
strate  materiab  have  been  used  for  the  deposition  of  GaN.* 
For  lack  of  an  ideal  substrate,  nearly  all  the  GaN  has  been 
grown  on  sapphire  substrates  despite  its  poor  structural 
and  thermal  match.  In  this  study,  a  direct  comparison  is 
made  of  the  structural,  electrical,  and  optical  properties  of 
GaN  thin  films  deposited  on  two  sapphire  substrate  orien¬ 
tations  of  ((X)01)  and  (0lT2)  under  identical  growth  con¬ 
ditions. 

A  horizontal,  atmospheric  pressure  metalorganic 
chemical  vapor  deposition  (MOCVD)  reactor  was  em¬ 
ployed  to  deposit  GaN.  A  dual  IR  lamp  heating  configu¬ 
ration  was  used  to  heat  the  graphite  susceptor  which  was 
inclined  at  15*  with  respect  to  horizontal.  A  thermocouple 
insened  into  the  susceptor  monitored  its  temperature  and 
provided  feedback  to  the  temperature  controller.  Trimeth- 
ylgallium  (TMG),  and  NH3  were  used  as  Ga  and  N 
source  materials,  respectively.  Hydrogen  (H2)  was  used  as 
the  carrier  gas.  Carrier  gas,  metalorganic,  and  nitrogen 
sources  were  mixed  just  before  entering  the  reactor,  in  or¬ 
der  to  reduce  parasitic  reactions  of  metalorganics  (MO) 
with  nitrogen  source. 

The  total  gas  flow  rate  was  maintained  at  1.6  slm  with 
3-10  cc/min  for  TMG  and  500-1 100  cc/min  for  NH3 .  The 
bubbler  was  kept  at  - 10  ‘C  for  TMG.  (0001 )  and  (01 T2) 
sapphire  were  used  as  substrates.  Sapphire  substrates  were 
etched  by  a  hot  solution  of  H3P04:H2S04*  1-^  and  then 
rinsed  in  deionized  water  and  blown  dry  v  .itered  ni¬ 
trogen. 

The  growth  of  the  GaN  thin  films  was  measured  using 
a  ball-polishing  thickness  measurement  technique.  The 
growth  rate  is  about  1.2  fssa/h.  No  variation  in  the  growth 
rate  was  observed  between  the  two  different  substrate  ori¬ 
entations  and  over  the  growth  temperature  range  of  900- 
1000  *C.  The  growth  rate  is  proportional  to  the  input  TMG 


flux  indicating  the  domination  of  mass  transport  process  in 
this  temperature  region. 

Figures  1(a)  and  1(b)  show  the  surface  morphology 
of  the  GaN  thin  films  deposited  on  ((X)01)  and  (O1T2) 
sapphire  substrates  through  a  scanning-electron  micro¬ 
scope  (SEM).  The  film  on  the  (0001 )  sapphire  shows  the 
wurtzite  symmetry  with  hexagonal  pyramids,  while  the 
layer  on  the  (0lT2)  sapphire  exhibits  a  more  lateral 
growth  mechanism  as  is  evident  from  the  more  complete 
coalescence  of  the  grains  and  the  smoother  surface  mor¬ 
phology  of  the  film. 

The  composition  of  the  films  was  analyzed  by  Auger 


FIG.  I.  SEMmicrofnpiisorGaNon  (a)  (0001)  ^1,0,  and  (b)  (OlTl) 
AJvO] . 
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FIG.  2.  Auger  electron  spectra  of  GaN  thin  films  deposited  on  (a) 
(0001)  AljOy  and  (b)  (0112)  AljOs  substrates. 
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FIG.  3.  X-ray  diffraction  spectra  of  GaN  thin  films  deposited  on  (a) 
(0001)  AljO)  and  (b)  (0lT2)  A1;0)  substrates. 


electron  spectroscopy  (AES).  Figures  2(a)  and  2(b)  show 
the  AES  spectra  for  the  samples  produced  at  1000  *C.  The 
main  elements  present  are  Ga  and  N,  the  ratio  of  the  Ga  to 
N  is  close  to  unity.  The  Auger  spectrum  of  the  GaN  thin 
film  deposited  on  the  (0ll2)  sapphire  substrate  did  not 
exhibit  the  presence  of  other  impurity  species  in  detectable 
quantities.  However,  oxygen  impurity  species  was  detected 
on  the  (0001 )  sapphire  sample.  It  is  tentatively  being  at¬ 
tributed  to  differences  in  the  initial  growth  mechanisms  of 
the  films  on  the  different  substrate  orientation  which  may 
enhance  the  higher  incorporation  of  residual  impurity.  A 
high  resolution  S-crystal  x-ray  diffiuctometer  using  the  Cu 
ATci  line  was  used  to  examine  the  crystalline  quality  of  the 
GaN  thin  films.  GaN  single  crystal  growth  on  (0001 )  and 
(01T2)  was  achieved  using  MOCVD.  It  shows  in  Fig.  3 
(0001)  GaN  is  parallel  to  (0001)  sapphire  and 
(21I0)GaN  is  parallel  to  (0lT2)  sapphire.^*  The  results 
of  x-ray  rocking  curve  are  shown  in  Fig.  4  as  a  function  of 
film_thickness.  The  x-ray  rocking  curve  of  the  layer  on  the 
(01T2)  sapphire  is  narrower  than  that  of  the  layer  on  the 
(0001 )  sapphire.  It  may  attribute  to  both  the  lower  incor¬ 
poration  with  the  oxygen  ud  the  smaller  lattice  mismatch 
in  the  (0lT2)-sapphire-(2110)-GaN  interface*'*  than  that 
in  the  (0001  )-sapphire-(0001) -GaN  interface.. 

The  Hall  electrical  data  of  the  films  measured  by  Van 
der  Pauw  method  at  room  temperature  were  shown  in  Fig. 
5.  The  unintentionaUy  doped  GaN  thin  filnu  were  n-type 


conduction  with  carrier  concentrations  of  10'’-10“  cm"\ 
The  layers  grown  on  (0ll2)  sapphire  show  lower  carrier 
concentrations  and  higher  mobilities.  It  suggests  the  better 
electrical  properties  on  the  (0lT2)  sapphire  is  attributed  to 
both  the  less  oxygen  incorporation*  and  the  lower  nitrogen 
vacancies.*  The  further  study  of  the  electrical  properties  of 
GaN  thin  films  was  under  investigation  by  using  deep  level 
transient  spectroscopy  method. 

The  457.9  nm  line  of  the  argon  laser  was  used  for 
Raman  scattering.  GaN  has  hexagonal  wurtzite  structure 


Thicientts  (am) 

FIG  4  FWHMs  of  *-r«y  rocking  curves  as  a  function  of  film  thickness. 
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FIO.  i.  Carrier  coocencracioas  and  ekctron  mobilitica  of  GaN  (Unis. 

with  four  atoms  in  the  unit  cell  and  belongs  to  the 
space  group.  All  spectra  were  recorded  in  the  backscatter* 
ing  geometry  and  at  room  temperature.  First-order  Raman 
spectra  of  the  two  GaN  thin  fllims  deposited  at  1000  *C.  On 
(0001)  and  (0lT2)  sapphire  are  shown  in  Figs.  6(a)  and 
6(b),  respectively.  Wh^  the  sapphire  Raman  scattering 
peaks  are  evident  in  the  spectra  o(  Fig.  6(a),  the  sappl^ 
Raman  peaks  are  not  easUy  resolved  in  the  corresponding 
spectra  of  the  GaN  thin  film  of  Rg.  6(b).  The  liiw  modes 
at  7S4,  647,  and  S79  cm~'  correspond  to  the  (0ll2)  sap¬ 
phire  substrate  alone,  and  the  line  modes  at  7S4  and  S79 
cm~'  correspond  to  the  (0001)  sapphire  substrate.  The 
GaN  line  modes  at  570,  560,  and  534  cm~'  dominate  the 
Raman  spectra  of  the  GaN  thin  films  on  both  (0001 )  and 
(01 12)  sapphire  orientations.  These  line  modes  closely  cor¬ 
respond  to  the  wurtzite  symmetry  phonon  modes  of  GaN, 
labeled  Ay  (LO),  Ei  (TO),  and  Ei,  respectively.  The  line 
modes  otnerved  in  this  study  are  in  good  agreement  with 
those  reported  by  Manchon  et  aC  and  Bums  «r  aL} 
Single-crystal  of  GaN  thin  films  was  achieved  on 
(0(X)1)  and  (0ll2)  sapphire  substrate  using  MOCVD. 
Better  surface  nmrphology  and  the  narrower  of  the  x-ray 
rocking  curve  of  GaN  thin  films  on  (0lT2)  upphite  sub¬ 
strate  were  attribu^  to  smaller  lattice  mismatch  in  the 
(0ll2)-sapphire-(2110)-GaN  interface.  Alst^the  higher 
electrical  quality  of  the  GaN  thin  films  on  (0lT2)  sapphire 
substrates  indicates  both  le»  incorporation  with  the  oxy¬ 
gen  and  lower  N  vacancy. 


FIG.  6.  Raman  spectra  ofGaN  thin  (Urns  dcpoMted  on  (a)  (0lT2)  AJ-Oj 
and  (b)  (0(12)  Al,Ov 
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Themal  sUbility  of  GaN  thin  films  grown  on  (0001)  AliOs,  (0lT2) 
AljOs  and  (OOOl)si  6H-SiC  substrates 


C  J.  Sun,  P.  Kung,  A.  Saxler,  H.  Ohsato.  E.  Bigan,  and  M.  Razeghi 


Cenffir  Quantum  Devices,  IDepanment  of  Elecnical  Engineering  and  Computer 
Science,  Northwestern  University,  Evanston,  Illinois  60208 

D.  K.  Gaskill 

Laboratory  for  Advanced  Material  Synthesis, 

Naval  Research  Laboratory.  Washington,  DC  20375 

Single-crystals  of  GaN  were  grown  on  (0001),  (0lT2)  AI2O3  and  (OOOl)si  6H-SiC 
substrates  using  an  atmospheric  pressure  Metaiorganic  Chemical  Vapor  Deposition  reaaor. 
We  have  studied  the  relationship  between  thermal  stability  of  the  GaN  films  and  substrate's 
surface  polarity.  It  appeared  that  N-terminated  (0001)  GaN  surface  grown  on  (OOODn  6H- 
SiC  has  the  most  stable  surface,  followed  by  the  nonpolar  (1120)  GaN  surface  grown  on 
(OIT2)  AI2O3,  while  Ga-terminated  (0(X)1)  GaN  surface  grown  on  (0001)  AI2O3  has  the 
least  stable  surface.  We  explained  this  with  the  difference  in  the  atomic  configuradon  of 
each  of  these  surfaces  which  induces  a  difference  in  their  thermal  decomposidon. 
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GaN  has  been  the  most  extensively  studied  III-V  nitride,  as  it  is  a  promising  material 
for  light  emitten  and  detectors  in  the  visible  to  ultraviolet  region  However,  GaN  films 
were  reponed  to  be  unstable  at  high  temperature  under  hydrogen  (Hi)  ambient."*  This 
might  prove  detrimental  to  optoelectronic  devices  where  thermal  treatments  can  be  required 
for  technological  steps  such  as  dopant  aedvadon.  In  addidon,  these  devices  are  expected  to 
operate  at  high  power  and  high  temperature.  However,  the  thermal  decomposition 
mechanisms  have  not  yet  received  a  plausible  explanation,  and  moreover,  the  reported 
experimental  data  have  certain  discrepancies. 

GaN  has  been  grown  epitaxially  on  various  substrates,  mainly  due  to  the  lack  of  a 
suitable  lattice-matched  substrate.*  Therefore,  the  most  popular  substrate  used  for  the 
growth  of  the  GaN  is  the  (0001)  plane  of  the  Al203^  which  has  a  lattice  mismatch  of  14% 
with  the  epilayer^.  Such  a  large  mismatch  induces  a  high  density  of  defects  which 
seriously  degrades  film  quality.  Alternative  substrates  having  a  closer  lattice  match  such  as 
(0112)  .AI2O3  and  both  (0001)  polar  planes  of  the  6H-SiC  have  also  been  used,  but  to  a 
lesser  extent.’-*  .\long  with  the  lattice  match,  the  substrate’s  surface  polarity  has  been 
studied  in  order  to  improve  the  growth  of  GaN.  Sasaki  et.al*  reponed  that  the  substrate 
polarity  has  a  strong  influence  on  the  surface  morphology  and  the  photoluminescence 
property  of  the  GaN  layer.  It  was  shown  that  .N'-terminated  GaN  films  gro-wn  on  (OOOl)si 
plane  of  the  SiC  have  better  surface  and  photoluminescence  characteristics,  when  compared 
with  Ga- terminated  GaN  films  grown  on  (0001 )c  plane  of  SiC. 

In  our  previous  work^,  we  showed  that  the  physical  properties  of  the  GaN  epilayer 
were  enhanced  when  using  the  (0lT2)  AI2O3  instead  of  the  (0001)  AI2O3.  In  this  paper, 
we  discuss  the  thermal  decomposition  mechanism  of  single  crystal  GaN  grown  on  (0001) 
and  (01 12)  AI2O3  and  (OOOl)si  SiC  substrates. 

A  horizontal  type  atmospheric  pressure  metalorganic  chemical  vapor  deposition 
(MOeVD)  reactor  was  employed  to  deposit  GaN.  A  dual  infra-red  lamp  heating 
configuration  was  used  to  heat  the  graphite  susceptor  which  was  inclined  at  15’  with 
respea  to  horizontal.  A  thermocouple  inserted  into  the  susceptor  monitored  its  temperature 
and  provided  feedback  to  the  temperature  controller.  Trimethylgallium  (TMG),  and 
ammonia  (NH3)  were  used  as  Ga  and  N  source  materials,  respectively.  Nitrogen  (N2)  and 
H2  were  used  as  the  ambient  gases.  Metalorganics  (MO)  sources  and  NH3  were  mixed  just 
before  entering  the  reactor,  in  order  to  reduce  parasitic  reactions  between  the  MO  and  the  N 
sources.  (OOOl)si  6H-SiC  heavily  N-doped  Lely-grown  wafers'®,  (0001)  ,-^1103  and 


(01 12)  AI2O3  were  used  as  substrates.  Prior  to  the  deposition,  the  A1203  substrates  were 
etched  by  a  hot  solution  of  H3PO4 ;  H2SO4  =  1:3.  then  rinsed  in  deionized  water  and  dried 
with  filtered  N2.  The  SiC  substrates  were  cleaned  by  dipping  in  hydrofluoric  acid,  rinsed 
and  dried. 

The  growth  temperature  was  varied  from  900*  C  to  1050*  C.  The  TMG  bubbler 
temperature  was  kept  at  -10*  C  and  the  carrier  gas  bubbling  flow  rate  was  2.5-5  cc/min. 
Ammonia  flow  rate  varied  from  550  to  1100  cc/min,  while  the  total  gas  flow  remained 
constant  at  16(X)  cc/min.  The  films,  deposited  without  any  buffer  layer,  were  2.5-3  ^im 
thick  corresponding  to  a  growth  rate  of  1.25-2.5  jim/h.  The  surface  morphology  of  the 
GaN  layers  were  observed  using  scanning  electron  microscopy  (SEM).  A  high  resolution 
5-crystal  x-ray  diffractometer  using  the  Cu  Kai  line  was  used  to  obtain  rocking  curve  data 
from  which  crystalline  quality  was  inferred  firom  the  full  width  at  half  maximum  (FWHM) 
of  the  lineshape.  Finally,  Hall  measurements  were  performed  at  room  temperature  using 
the  Van  der  Pauw  method. 

SEM  observations  showed  that  the  GaN  layers  on  {0001)si  SiC  and  on  (0(X)1)  AI2O3 
presented  a  hexagonal-shape  and  that  the  GaN  layer  grown  on  (01 12)  AI2O3  appeared  with 
a  ridge-like  facet®.  Moreover,  fr'om  x-ray  spectra,  the  (0001)  GaN  was  found  parallel  to 
the  (OOOl)si  SiC  and  (0001)  .M2O3  surfaces,  and  the  (1120)  GaN.  parallel  to  (0lT2) 
AI2O3.  FWHMs  of  the  rocking  curves  of  GaN  films  were  about  20-30  min.  Although  the 
SiC  substrates  were  heavily  N-doped,  they  e.xhibited  high  resistivity  which  made  Hall 
measurements  possible.  Electron  concentration  and  Hail  mobility  were  lxl0-®cm'^  and  20 
cm-/  Vsec  for  GaN  /  SiC  samples,  2x10^®  cm-^  and  60  cm-/  Vsec  for  GaN  /  (0ll2)  AI2O3 
samples,  and,  TxlO^®  cm-3  and  40  cm-/  Vsec  for  GaN  /  (0001)  AI2O3  samples, 
respectively. 

For  this  thermal  stability  study,  as-grown  GaN  films  were  divided  into  two  groups  and 
annealed  at  two  different  temperatures  (900*  C  and  1000*  C)  under  H2  and  N2  ambients. 
The  first  set  of  experiments  was  conducted  on  GaN  /  (OOOl)si  6H-SiC  and  GaN  /  (0lT2) 
AI2O3,  and  consisted  of  a  1  hour  thermal  annealing  at  1000*  C.  The  second  set  of 
experiments  was  conducted  on  films  grown  on  (0001)  and  (0lT2)  AI2O3,  and  consisted  of 
four  consecutive  cycles  of  1  hour  thermal  annealing  at  900*  C. 

The  results  obtained  from  the  first  set  of  experiments  are  as  follows.  Fig.  1  and  2 
show  the  changes  of  surface  morphology  and  x-ray  spectra  of  GaN  films  before  and  after 
annealing  under  H2-ambient  at  1000*  C  for  1  hour,  respectively.  The  GaN  film  grown  on 


(01T2)  AI2O3  was  totally  decomposed  leaving  a  residue  in  the  form  of  Ga  droplets  and  the 
(1120)  GaN  diffraction  peak  disappeared.  Surprisingly,  no  thermal  decomposition  was 
observed  for  the  GaN  film  grown  on  (OOODsi  SiC.  Moreover,  the  x-ray  spectra  and  Hall 
measurement  of  this  latter  film  showed  essentially  no  change  in  it's  crystalline  quality  and 
electrical  properties. 

Similarly,  the  samples  annealing  under  N;-ambient  at  1000*  C  for  1  hour  produced  no 
change  in  their  crystalline  quality  and  electrical  p^perties.  This  is  consistent  with  previous 
reports*.  The  results  in  H2  ambient  were  very  different.  In  the  1000*  C  thermal  treatment, 
better  thennal  stability  has  been  observed  on  the  N-teiminated  (0001)  suxfitce.  It  is  believed 
that  surface  polarity  pUys  an  important  role  in  thermal  decomposition,  which  will  be 
addressed  shortly. 

— >  * 

The  results  obtained  fifJh  the  second  set  of  experiments  as  follows.  Fig.  3  shows 
the  surface  morphology  of  GaN  films  after  four  cycles  of  1  hour  thermal  annealing  at  90^ 
C  und»  .N'2-ambient  and  Hi-ambient.  Under  N;-ambient.  no  change  of  surface 
morphotogy  occured  for  both  samples.  However,  the  FWHM  of  rocking  curve  (Fig.  4) 
has  been  improved  after  annealing  under  N2,  especially  for  GaN  /  (01 12)  AI2O3.  Fig.  5 
and  6  show  the  variation  of  electron  concentration  and  Hail  mobility  rfter  the  annealing 
cycles.  The  vitiation  of  electron  concentration  and  mobility  is  not  pronounced  for  the  films 
annealed  under  N2  ambient.  As  we  will  explain  latter,  the  improvement  of  the  ciy§ial 
quality  can  be  due  to  the  desorbing  of  atomic  hydrogen  in  the  hydrogen-passivated  GaN 
films which  restores  the  crystallinity  of  the  films.  Remarkably,  different  results  were 
obtained  for  films  annealed  under  H2.  -^s  shown  in  Fig.  3  (b.d),  Ga  metal  droplets  are 
present  on  the  surface  oftiie  annealed  samples.  These  droplets  arc  probably  produced  by 
atomic  hydrogen  attack  of  the  GaN  films,  as  we  will  show  in  the  following.  Fjg.  4  shows 
the  effect  of  annealing  under  Hi  on  the  FWHM  of  rocking  curve.  The  crystal  quality  was 
essentially  unci||j|^ed  under  H2-ambient,  though  severe  change  of  the  surface  morphology 
was  observed.  phenomenon  might  be  explained  by  the  nonuniformity  of  thermal 
decomposition  of  the  surface.  This  thermal  decomposition  is  confirmed  by  the  variation  of 
electron  concentration  and  Hall  mobility  (see  rig.  5  and  6).  Electrical  properties  of  (0001) 
GaN  /  (0001)  .AI2O3  became  much  worse  than  (1120)  GaN  /  (0lT2)  .M2O3  plane  after 
annealing  under  H2.  This  result  is  explained  by  a  more  severe  decomposition  of  the  (0001) 
GaN  /  (0001)  .41203  surface  compared  to  the  ( 1 120)  Ga.N  /  (0lT2)  AI2O3  surface. 

Our  interpretation  of  these  results  are  as  follows.  The  variation  in  thermal  stability  of 
GaN  films  grown  on  (0001).  (0lT2)  .41:0:-  and  (OOODs.SiC  under  Hi  ambient  is 
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attributed  to  the  different  surface  polarities.  As  predicted  by  Sasaki  and  Matsuoka*.  the 
GaN  epilayer  grown  on  (OOOl)si  SiC  is  N-terminatcd.  on  (0001)  AI2O3  is  Ga-terminated 
and  on  (0lT2)  AI2O3  is  nonpolar.  The  presence  of  Ga  droplets,  shows  that  the  thermal 
decomposition  process  of  the  epilayer  is  based  on  the  reduction  of  Ga^'^  ions  by  hydrogen 
(GaN  +  ^H2  Ga  +  NH3).  The  thermal  decomposition  rate  was  the  fastest  on  the  (0001) 

Ga-terminated  surface,  followed  by  the  nonpolar  (1120)  surface,  while  the  N-ienninatcd 
(0001)  surface  had  the  slowest  decomposition  rate.  On  the  N-terminated  ((X)01)  GaN 
surface,  H  atomsTombine  directly  with  N  to  form  N-H  (-  3.9eV)'-  which  is  energetically 
more  st^^pthan  Ga-H  (<  2.8dSl?)i3.  Thus,  the  N-termiaated  (0001)  GaN  surftce  has  the 
slowest  thermal  decomposidon  rate,  and  consequently,  the  best  thermal  stability.  For  the 
Ga-tominated  (0001)  and  ^e  nonpplar  i^^O)  GaN  surfaces,  H  atoms  combine  first  with 
Ga  to  form^fepK  covalent  bonds  and  then  move  fro^  Ga.to  h^t^es  to  foxm  N-H  bonds. 

Oiff  explanaridn  formic  higher  thermal  stability  of  die  nonpolar  (1120)  -GaN  surface 
compared  to  the  Ga-terndnaied  surface  consists  of  the  following  points.  First,  half  of 
the  atoms  on  da^onpolar  (1 120)  surface  arc  N  atoms,  whift  wU  combine  with  H  to  form 
bonds^ while  Ga  atoms  o^p|||^-tcrminated  surface  wfltfortifea-H  bonds,  which 
anjless  stablodian  Js^S^onds.  after  removing  the  Ga-apmtnaied  surface,  only  N 

atoms  remain  on  the  si^ace.  However,  this  surface  is  different  the  N-terminated 
surface.'  since  only  one  Ga  atom  is  bonded  to  one  N  atom  in  this  case.  insTOd  of  three  Ga 
atoms  bounded  to  one  N  atom  in  the  normally  N-terminated  case,  as  shown  in  Fig.  7. 

'•i,  • .. 

Therefore,  thqfmal  decomposidon  is  faster  on  the  Ga-ierminattd  surface  than  the  nonpolar 
(1120)  surface.  •'  ^ 

In  summary,  single-crystal  GaN  films  were  grown  by  MOCVD  on  (0001)  and  (0112) 
AI2O3  and  CO0Ol)Si  SiC  substratefr  Tlm^ariadon  in  thermal  stabflity  of  the  films  grown  on 
different  substrates  shovld  be  atti^buted  to  suriac^olarity  effects.  Unlike.ihe  epil^yers 
grown  on  sapphire  substrates,  GaN  grown  on  (0001  )si  SiC  is  thermally  stable  at 
rrmrrnnTirl  tlfhifh  as  1000*  C  under  H2-ambient  gas.  The  crystallinity  of  (1120)  GaN 
grown  on  (0lT2)  AI2O3  has  been  improved  after  N2  thermal  annealing  at  900’  C,  while 
thennal  de^3||[^|||^  has  been  observed  on  the  same  samples  under  H2-ambient.  This  is 
due  to  the  desorbing  and  involvement  of  H;.  Hail  measurement  showed  that  electrical 
properdcs  became  worse  after  annealing  under  H2-ambient.  This  is  attributed  to  the 
reduction  of  Ga^'^  ions,  which  causes  thermal  decomposition.  Based  on  the  model.  N-H 
(-  3.9eV)  is  more  stable  than  Ga-H  (<  2.8eV).  and  it  was  found  that  N-terminated  (0001) 

GaN  surface  has  the  slowest  thermal  decomposition  rate,  followed  by  nonpolar  (1120) 
surface,  while  Ga-terminated  ((X)01)  surface  has  the  fastest  thermal  decomposition  rate. 


5 


The  augers  would  like  to  thank  Mr.  Ma.x  Yoder  and  Dean  Jerome  Cohen  for  thetr 
permanent  suppon  and  encouragement.  This  work  is  supponed  by  the  ONR  throu.  ram 
No.  NOOO 14-93- 1-0235. 


1.  H.  Amano,  M.  Kilo.  K.  Hiramatsu.  and  I.  AJcasaki.  Jpn.  J.  Appl.  Phys.  28. 
12112(1989). 

2.  S.  Nakamura,  T.  Mukai,  and  M.  Senoh.  Jpn.  J.  .Appl.  Phys.  30.  LI 998  (1991). 
3. 1.  Akasaki  and  H.  .Amano,  Optoclectron.  Devices  Technol.  7.  49  (1992). 

4.  Y.  Morimoto.  J.  Hectrochem.  Soc..  121.  1383  (1974). 

5.  S.  Strite  and  H.  Morkoc,  J.  Vac.  Sci.  Technol.  B.  10.  1237  (1992). 


6.  I.  Akasaki,  H.  Amano, 
98,  209  (1989). 


jde,  K.  Hiramatsu  and^.  Sawaki.  J.  Crystal  Growth 


•9 

7.  D.  K.  Wickenden,  K.  R.  Faulkner,  and  R.  W.  Brander,  J.  Crystal  Growth,  9. 

158  (1971).*.  1^ 

8.  T.  Sasaki  ^d  T.  Ma^6ka.^4®I.  Phys.  Lett  64.  4531  (1988). 


9.  C.7.  Sun  and^ 


1L  Appl.  Phys.  Lett.  63(7).  972  (1993). 


10.  A.  Lely,  Ber.  Dcul  Keram.  Ges.,  32,  229  (1955). 

11.  S.  Nakamura.  N.  Iwasa,  M.  Senoh  and  T.  Mukai.  Jpn.  J.  .Appl.  Phys.  31. 

1258  (1992).  " 

12.  M.  Therald,  Inorganic  Chemistry,  A  Modern  Introduction.  John  Wiley  Jit  Sons. 

.New  York.  (1982)^^  " 

13.  K.  Balasubramanian,  C^rn^ys.  Lett..  164(2).  231  (1989). 


7 


Fig.  1  Surface  morphology  of  GaN  films  with  H;  thermal  annealing  at  1000*  C  on  (0112 ) 
A1;03  (a)before  annealing,  (b)afier  annealing,  and  on  (OOOl)si  SiC  (cjbcfore 
annealing.  (d)after  annealing. 

Fig.  2  X-ray  spectra  of  GaN  films  with  H;  thermal  annealing  at  1000*  C  on  (01 12) 
sapphire  (a)bcfore  annealing,  (b)after  annealing,  and  on  (OOOl)si  SiC  (obefore 
annealing,  (d)after  annealing. 

Fig.  3  Surface  morphology  of  GaN  films  on  (0lT2)  AI2O3  after  four  1-hour  consecutive 
thermal  annealings  at  900*  C  under  (a)  Ni  and  (b)  H:  ambients,  and  on  ((X)0l)  AI2O3 
under  (c)  N2  and  (d)  H2  ambients. 

Fig.  4  The  variation  of  FWHM  of  the  rocking  curve  for  films  annealed  under  H2  and  N2. 

Fig.  5  The  variation  of  electron  concentration  for  films  annealed  under  H2  and  N2. 

Fig.  6  The  variation  of  Hall  mobility  for  films  annealed  under  H2  and  N2. 

Fig.  7  Crystal  strucaire  of  (a)  Ga-terminated  and  (b)  N-terminated  (0001)  GaN. 
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In  this  letter  we  lepon  the  ^wih  of  high  quality  AIN  epitaxial  layen  on  s^iphiie  substrates.  The 
AIN  grown  on  (OO-l)  sapphire  exhibited  a  bener  crystalline  qu^ty  than  that  grown  on  (01-2) 
sapphire.  An  x>ny  rocking  curve  of  AIN  on  (00- 1)  Al^Oj  yielded  a  full  width  at  half-maximum  of 
97.2  arcsec.  which  is  the  oaitowest  value  teponed  to  our  kriowledge.  The  AIN  peak  on  (01-2)  Ai^Oj 
was  about  30  times  wider  The  absotpaon  edge  measured  by  ultraviolet  transmission  spectroscopy 
for  AIN  grown  on  (00-1)  Ai^Os  was  about  197  nm. 


Aluminum  nitride  with  a  direct  bend  gap  energy  of  6.2 
eV  at  room  temperature  is  an  ideal  material  for  optoelec¬ 
tronic  devices  operating  in  the  uliravioiet  (UV)  spectral  re¬ 
gion.  AIN  can  form  alloys  of  AI,Gai  with  GaN  which 
can  have  a  tunable  direct  band  gap  from  6.2  eV  for  l  to 
3.39  eV  for  .r«  0.  In  its  equilibrium  phase  AIN  has  a  wurtzite 
type  crystal  structure  belonging  to  the  space  group  P6,/rc. 
Currently  the  predominant  problem  with  the  growth  of  .AIN 
is  to  obtain  high  quality  films  and  to  be  able  to  dope  the 
films.  In  dus  letter,  we  report  the  growth  and  charactetizanon 
of  .AIN  epitaxial  layen  on  (00-l)AlA<  {01-2)Al;Oj  and 
(lOO)Si  substrates. 

AIN  thin  films  were  grown  in  a  horizontal,  atmospheric 
pressure  metal-oqjanic  chemical-vapor  deposioon 
(MOCVD)  reactor.  The  sapphire  and  silicon  substrates  weie 
first  degreased  with  hoc  trichloroethylene,  hoc  methanol,  and 
acetone.  Then,  the  A1203  substrates  were  etched  in  a  hot 
H2S04:HjP0*-3:1  sduti<».  and  the  Si  substrates  were 
dipped  into  HR  before  they  were  rinsed  in  de-ionized  water 
and  dried  with  filtered  niirogea  For  each  growth  the 
((X)-l)Al;Oj.  (0l-2)Al2O3  and  (lOO)St  substrates  were 
placed  side-6y-$ide  in  the  teactoc  The  A1  and  N  sources  were 
trimethylaluminum  (TM^  carried  on  at  22  *C  and  elec- 


nonic  grade  (99.999%)  ammonia  (NHjj.  The  carrier  gas  was 
ultraplus  (99.9995%)  high  purity  nitrogen  (Nji.  The  fiow 
rates  were  S.  400,  and  1200  cc'min  for  TMAl.  IWt,  and  N-. 
respectivelv.  in  order  to  reduce  parasioc  chemical  .reacnons. 


FIG.  2.  (a)  UV  rnmiMinn  ^•eBn{ar(00  l)AII«/(00  t)Ai.O,.  fb)  UV 
natmtstiHi  spacttaai  for  (11  OlAOW/iOI  . 


FIG.  I.  FTIRspaeaBmefdwAINeuaaintdapaBiwdaaSinbanws. 
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FIG.  3.  (a)  0-36  x-ny  diflneaoa  ipcefnm  for  (OO-DaIN/zcoo  DAI.  0|. 
^b)  0-39  x-ny  dilEractiao  ipaemun  for  (U  '0)AlSZ/(0t  '3)Al;O]. 

the  TMAl  and  NH)  were  mixed  at  the  eotraoce  of  the  reactor 
chamber.  The  susceptor  tenqperanire  was  lOSO  *C.  Ouhng  3 
h  of  growth,  a  nlm  about  1  taa  thick  was  deposited  as  de¬ 
termined  by  ball  polishing  thickness  measuremeoL  Fourier 
transform  infrared  spectroscopy  (FTIR),  UV  transmission 
spectroscopy  and  a  four-crystal  mooKhroraator  x-ray  dif- 
fiactometer  (MPDWsao/HP),*  devel<q>ed  at  PhUips  Rereaich 
Laboratories  were  uMd  to  characterize  the  epitaxial  layers. 
Since  sapphire  crystals  absorb  radiation  in  the  spectral 

regicm  where  we  expect  to  find  a  phonon  mode  peak  for  .zUN. 

FTIR  spectroscopy  was  only  perfotmed  on  the  films  grown 
on  silicon  substrates.  Figure  1  shows  the  transmittance  as  a 
function  of  wave  number.  A  clear  peak  at  665  cm~‘  was 
present,  which  corresponds  to  the  transverse  optical  (TO) 
-667  cm"*  and  to  the  Ei»66S  cm"*  phoum  modes  of 
AIN.*  No  other  strong  peaks  were 

Using  UV  transmission  spectroscopy,  the  absorption 
edge  of  the  AIN  films  was  measured.  Hgures  2(a)  and  2(b) 
show  the  spectra  for  the  epilayets  grown  on  (00-1)  and 
(0l-2)Al2O3.  respectively.  The  film  grown  on  (OO-DAliOj 
had  a  sh^  edge  at  about  197  nm.  confirming  the  presence 
of  high  quality  AIN.  However,  the  film  grown  on 
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FIG.  4.  (»)  X-r»y  roctuni  ciir»e  of  (he  (00-3)  peak  of  .\JN.  (hi  X-r»y  rock- 
iDf  curve  of  (be  (ll  O)  peak  of  .MN. 

(01-2)AivO3  showed  a  much  less  sharp  edge  at  about  213 
nm. 

Figures  3(a)  and  3(b)  represera  the  (Dmega/2Theta  scans 
for  the  epfiayers  grown  on  (00. 1 )  and  (01  -aiAl-Os ,  respec¬ 
tively.'  These  spectra  showed  the  (00-1)  and  (11 -0)  faces  of 
AIN  are  parallel  to  the  (OO-i)  arxl  (01-2)  frees  of  Al-O,. 
respectively,  which  is  analogous  to  GaN  epilayers  grown  on 
the  same  AlvO;  substrate  orientations.*'* 

Figure  4(a)  shows  the  x-ra^  rocking  curve  of  the  (00-2) 
peak  of  AIN  grown  on  (00-  DAlvOs.  The  full  width  at  half- 
maxiimim  (FWHM)  was  97.2  arcsec,  which  is  the  narrowest 
value  reported  to  our  knowledge.*  As  shown  in  Ftg.  4<b).  the 
rocking  curve  of  the  (11-0)  peak  of  AIN  grown  on 
(01  ^lAlvOj  presented  a  FWHM  of  about  3200  arcsec.*  We 
previously  reponed  that  GaN  films  grown  on  (Ol  .2)AlvO, 
exhibited  a  better  crystalline  quality  than  those  ztown  on 

(OO-DAip,-* 

A  difference  in  the  thermal  mismatch  for  the  two  Al-O; 
orientations  may  be  lespraisible  for  these  diqiatrae  results. 
Table  I  shows  the  thermal  expansion'coefficients'-*  and  lat¬ 
tice  parameters*  of  AIN.  GaN,  and  Aljos .  Using  these  values, 
we  calculated  the  thermal  and  latdce'HtiS'match  values  given 
in  Table  D.  We  estimated  the  thermal  eiqiansion  coefficient  m 

Sexier  ef  e(. 
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TABLE  I.  TIwiiimI  txptmco  cocflkiois  (TEO  and  Uuicc  coosuou  for 
AJN.  CoN.  aadAlA 


a  dncMB  TEC 
(XIO*^ 

e  daocuae  TEC 
(xiO-*/K) 

« 

(A) 

(I) 

AJN 

JJ7 

4.15 

3.112 

4.982 

(3aN 

559 

7.75  (700-900  K) 

3.189 

5.185 

Al-O, 

7.28 

8.11 

4.758 

12.991 

the  [l21}AU03  diiecdon  to  be  about  8xio~^/K  in  the  range 
from  20  to  800  *C.  using  die  data  from  Yim  and  Paff'  and 
c '  *  v3a*-^c‘  for  a  translational  period  in  the  (01  ^lAl^Oj 
plane.'  The  thermal  mismatch  is  higher  for  ( 1 1  OIAIN  grown 
on  (01  ^lAljOs  than  for  (00- U  AIN  grown  on  (00- 1  lAliOs- 
The  thermal  mismatch  for  (00- 1  )GaN  grown  on  (00- 1 )  Al^Oj 
is  larger  than  for  (11-0)  GaN  grown  on  (01  •2)Al30). 

Then  ate  also  other  factcn  that  may  contribute  to  poorer 
quality  AIN  films  grown  on  (01  •2)Al30]  substrates.  The  ther* 
mai  and  lattice  mismatches  are  difioent  for  the  two  transla¬ 
tional  symmenry  directions  in  the  epilayer  (1 1  -0)  plane.  The 
mismatches  in  the  [ilO]  direction  of  (11-0)A1N  ate  the  same 
as  the  ones  for  the  (00- 1)  epilayer  grown  on  (OO-ltAliOj 
( -28%  and  13  J%),  while  the  mismatches  in  the  c  direction 


Table  n.  Thennal  nd  liniee  miimMrhw  of  AlN  and  G«N  on  (00- 1)  lod 
(01-2)  ALO,. 


Epiuual  layer 

Sabetiaie 

Tlieniial  nmMch 

T  USBUefa 

(OO-DAIN 

(OODAIA 

-28* 

135* 

(11.0)A1N 

(01-2)AU}, 

-48* 

-19* 

(00-1  )GaN 

(001)A1A 

-23* 

16.1* 

(U0K3aN 

(Ot  2)AU), 

-3* 

l.l* 

of  AIN  ate  shown  in  Table  II  i-48%  and  -2.9%).  In  the 
[IlO]  direction  of  (II  O)AIN.  the  lamce  tmsmatch  is  com- 
pcessive.  while  in  the  [OOl]  direction  it  is  expansive.  Also,  in 
the  simple  crystallographic  model  of  Kung  et  the  hex¬ 
agonal  closed  packing  of  atoms  is  continued  in  the  growth 
direction  for  the  epitaxial  layers  cm  (00- 1  )A1;P03  whereas  it 
is  not  for  epilayers  on  (01-2)Al3O3.  This  leads  to  innrinsic 
defects  at  the  interface  between  (11  -OIAIN  and  (01  ^lAl^Oi. 

In  summary,  we  have  repotted  the  growth  of  aluminum 
niiride  films  cm  (100)  silicoa  (00-1)  and  (01-2)  sapphire 
substrates.  Those  grown  on  (00-l)Al203  had  higher  crystal 
quality  than  those  grown  on  (01  •2)Al303.  The  x-ray  rockii^ 
curves  yielded  a  FWHM  of  about  97.2  arcsec  for  the  AIN 
epilayers  grown  on  (001)Al303.  the  narrowest  value  ever 
reponed  to  our  lmowledg^  The  absorption  edge  for  these 
epilayers  was  at  197  nm.  and  it  was  sharper  than  for  the  AIN 
epilayers  grown  on  (01  •2)Al303 .  It  was  shown  that  the  better 
crystklinity  of  AIN  films  was  due  to  the  smaller  thermal 
mismatch  between  (OO-l)AlN  and  (00  l)Al3O3. 
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Ternary  AlxGai.xN  thin  films  have  been  successfully  grown  on  (00»1)  and  (01  *2) 
sapphire  with  prior  growth  of  either  AIN  or  GaN/AlN  by  atmospheric  pressure 
metalorganic  chemical  vapor  deposition.  The  composition  x  value  of  the  thin  films 
obtained  varied  from  0  to  0.6.  The  surface  morphology,  crystallinity  and 
photolumincscence  of  the  AlxGai.xN  were  investigated.  The  surface  morphology  of  films 
grown  on  (00*1)  sapphire  showed  a  triangular  structure  and  those  grown  on  (01.2) 
sapphire  showed  a  rectangular  structure.  The  full  width  at  half  maximum  or  x-ray  rocking 
curve  of  the  Alo.i3Gaoj7N  grown  on  (00*1)  sapphire  is  about  10  min.  The  crystalline 
quality  of  AlxGa^xN  became  poor  when  the  x  value  increased.  The  crystalline  quality  of 
films  grown  on  (01*2)  sapphire  and  (100)  silicon  substrate  is  much  poorer  compared 
with  those  grown  on  (00*1)  sapphire,  while  the  FWHM’s  of  photolumincscence  peak  are 
as  good  as  those  grown  on  (00*  1)  sapphire. 
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The  AlxGti.iiN‘-  ternary  thin  films  have  attracted  much  attenrion  with  a  direct  band- 
gap  in  the  vinfalAtn  oitravioiet  (uv)  regions^.  This  makes  it  a  good  candidate  for  devices 
like  blue  iig%«-«*n|yring  diode^t  UV  detectors^,  and  high  temperature  and  high  power 
electron  Recently,  we  reported  the  high  quality  AIN  growth  on  sapphire  with 

92  arc  seconds  of  the  full  width  at  half  maximum  (FWHM)  of  rocking  curve*.  In  this 
paper  we  reported  the  high  quality  of  AUGai-xN  growth  on  (00*1)  and  (01*2)  sapphire 
(a-AlaOs)  and  (100)  silicon  <Si)  with  prior  growth  of  either  AIN  or  GaN/AlN  layer 
structures.  The  sur&ce  morphology,  crystallinity  and  optical  properties  were  investigated. 

The  AlxGai.xN  was  prepared  by  a  atmospheiie  horizontal-type  metilorganic  chemical 
vapor  phase  (MfXTVD)  reactor®.  ((X)*t)  and  (01»2)  suture  (a-Ai203)  and  (100)  silicon 
(Si)  were  used  as  substrates.  A  dual  infra-red  lan^  heating  configuration  was  used  to 
heat  the  gn{^te  susceptor  which  was  inclined  at  15*  with  respect  to  horizontal.  A 
thermocouple  into  the  susceptor  monitored  its  temperature  and  provided 

feedback  to  the  tempenture  controller.  Thmethyigallium  (T\lGa),  ftimethylaluminum 
(TMAl)  and  aalmoaia  0^3)  were  used  as  Ga.  M  and  N  source  materials,  respectively. 
Nitrogen  (N^)  was  used  as  the  ambient  gas.  Mecalorganics  (MO)  anid  niaogen  source 
were  mixed  just  before  entering  the  reactor,  in  order  to  parasitic  reactions  of  MO 
with  nitrogen  source.  - 

Growth  temperature  varied  fiom  900*C  to  i050*C.  The  bubbler  temperature  were 
kept  at  -iTG^or  TMGa  and  25*C  for  TMAl.  The  carrier  fas  bubbling  flow  rates  were 
0.5-5  cc/min  for  TMGa  and  5-lOcc/min  for  TMAl  and  NH3  fiow  rate  varied  from  400  to 
HOC  cc/min,  while  dih  todd  gas  How  remained  constant  art^dO  cc/min.  Sapphire 
substrates  were  etched  by  a  hdtsoludon  of  H5PO4  :  H2SO4  *  1:3  and  then  rinsed  in 
deionized  wa^and  dried  with  fBiered  nitrogen.  Si  substrates  were  cloned  by  dipping  in 
hydrofluoric  acid  prior  to  te^gtowtb,  rinsed  and  dried. 

Before  tire  growth,  the  substrates  were  kept  at  1050*C  for  15  min  in  a  stream  of  H2 
gas  to  remove  the  oxide  layer.  After  the  substrate  temperature  was  stabilized.  NH3  was 
fed  into  the  reactor.  A  high  quality  AIN  or  a  GaN/AlN  layer  smjcture  was  grown  before 
the  ternary  AlxGai.jN  growth. 

« 

The  surface  morphology  of  the  .^UGai.^N  thin  films  obtained  were  observed 
through  a  scanning  electron  microscope  (SEM).  The  onencadon  reladonship  of  thin  films 
and  substrate  was  determined  by  the  precession  camera  using  the  MoK^  radiadon^^.  A 


high  resolution  5-crystal  x-ray  diffractometer  using  the  Cu  K<xi  line  was  used  to  examine 
the  crystalline  quality  of  the  AlxGai-xN  thin  films.  Opdcal  properties  were  characterized 
by  photoluminescence  (PL)  measurement. 

Fig.  la  shows  a  SEM  photograph  of  Aio.13Gao.87N  thin  film  grown  on  ((X)«  1)  sapphire 
with  a  prior  growth  of  AIN.  The  surface  morphology  of  the  thin  film  is  different  from 
that  of  GaN  which  is  usually  hexagonal  plate-like  structure  reported  by  Sasaki*^  and 
Akasaki  et  al.^-.  It  consists  of  plate- like  crystals  which  locate  in  three  equivalent 
direcdons  as  a  triangular  structure  shown  in  Fig.  la  .  Those  plates  are  pyramid  surfaces 
which  are  parallel  to  a-axis  as  observed  by  SEM.  Elwdl  et  al^^  reported  the  morphology 
of  GaN  single  costal  with  { 10«1}  and  { 10*2}  pyramid  surfaces.  So  we  believe  the 
plates  appeared  on  the  (00«1)  face  are  either  { 10*1 }  or  { 10*2 }.  These  three  equivalent 
plates  make  a  tfiSBigle  shape  like  a  dendiidc  or  hollowed  crystals.  Fig.  lb  showed  a  much 
smooth  surface  ofthe  AlGaN  thin  film  grown  on  ((X)«l)  sapphire.  The^00»l)  surface  are 
formed  by  fillinl^the  h^owed  pordon  amons  the  plate-like  crystals. 

Fig.  2a  and.2b  Stow  the  SEM  photographs  of  (ll*0)Alo.2oG^.8oN  grown  on  (01*2^ 
sapphire  subsaa^  with  a  prior  growth  of  .AIN.  The  surface  moi^jfllogy  of  the  thin  films 
is  very  smooth  as  shown  in  Fig.  2a.  On  some  other  samples,  interesting  figures  are 
found,  which  also  show  plate-like  crystals.  Those  crystals  migJjrbe  the  same  as  those 
grown  on  ((X)*l)  sapphire  substrates.  The  pyramid  surfaces  are  perpendicular  to  { 1 1»0 } 
surface.  The  face  angles  between  the  two  pyramidal  faces  is  124.1  for  { 10»1 }  and  86.6 
for  { 10*2}.  Th^face  angft  observed  by  SEM  between  the  two  plate-like  crystals  is  about 
87*.  so  the  plate-like  surface  should  be  ( 10*2)  surface. 
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We  believe  the  first  step  growth  of  .-MGaN  thin  films  is  the  plare-like  crystal  growth 
with  { 10*2}  pyramid  face  in.  both  ((X)*l)  and  ^0i»2)  cases.  .A  smpoih  surface  will  appear 
by  filling  the  hollowed  portion  among  the  plaic-Iikc  crystals.  ^ 

Fig.  3a,  36  and  3c  show  the  x-ray  speca-a  of  .\lGaN  grown  on  (00*1).  (OlOAbO:, 
and  (lOO)Si  with  a  prior  growth  of  GaN/ALN.  The  mole  hracdon  of  Al  was  determined  bv 
Vegard's  law.  The  x  value  varied  from  0  to  0.6  by  changing  ±e  flow  rate  of  TMGa.  The 
AlxGai.xN  thin  films  are  single  crystal  for  ail  the  composidon  x  and  the  FWHM  of  x-ray 
rocking  curve  of  (00*l)Alo.i3Gao.87N  was  as  narrow  as  10  min  shown  in  Fig.  3a.  The 
crystallinity  of  AlxGai-xN  films  became  poor  when  the  x  value  became  larger.  The 
crystalline  quality  of  films  grown  on  (lOO)Si  is  much  poorer  than  those  grown  on 
sapphire  as  shown  in  Fig.  3a.  3b  and  3c. 


The  PL  experiments  were  performed  using  a  LiCoNiX  200  Series  continuous  wave 
Helium-Cadmium  (He-Cd)  laser  as  the  optical  excitation  source  (  325nm,  maximum 
power  30m W).  An  optical  (popper  was  used  to  avoid  the  low  frequency  noise.  The 
samples  were  stuck  on  a  copper  plug  on  a  liquid  nitrogen  (77  K)  cold  finger  kept  in  an 
evacuated  chamber  with  quartz  windows.  The  luminescence  was  focused  at  the  slit  of 
SpectraPro  275  spectrometer  by  a  10  cm  lens.^spersed  by  a  grating  with  a  1200 
grooves/mm  blazed  at  3(X)  nm.  The  signal  was  amplified  by  photomultiplier  tube  (PMT) 
and  sent  to  the  lock-in  amplifier. 

Fig.  4a,  4b  and  4c  show  the  low  temperature  PL  spectra  of  AlGaN  grown  on  (00»1), 
(01*2)Al2O3  and  <100)Si  with  a  prior  growth  of  GaN/AlN.  Fig.  4a  shows  an 
undecomposed  petkof  ((X)*l)GaN  ad  ((X)*l)Alo.i3Gaoj7N-  Fig.  4b  stows  that  the  peak 
emissions  fronl'the  (ll«0)GaN  and  (ll»0)Alo.2Gao.8N  are  at  355  nm.  and  341  nm, 
respectively.  Fig.  4c  stows  that  the  peak  emissions  from  the  (00»l)GaN  and 
((X)*l) AlGaN  w  at  363  nm  and  345  nm,  respectively.  The  FWHM  were  about  95  meV 
for  both  GaN  and  AlGaN  on  all  samples.  There  is  an  unknown  luminescence  peak 
observed  at  around  "375  niafor  all  the  samples.  The  luminescence  efficiency  was 
increased  10  times  ^om  room  tanperatu|p  to  77K  for  sapphire  samptes  and  25  times  for 
Si  samples.  Surprisingly,  the  liwiincscence  from  Si  sample  is  as  goto  as  those  from 
sapphire,  though  the  crystalline  quality  of  Si  samples  is  much  poorer. 

In  conclusion,  we  reponed  about  the  ttroary  .\l,Gai.xN  thin  films  grown  on  ((X)»l). 
(0l»2)Al2O3  and  (lOO)Si  with  a  prior  growth  of  AIN  or  GaN/AlN.  The  surface 
morphology  was  diffei^t  from  those  reponed  up  to  date,  ihe  plate-like  crystals  with 
('10*2)  are  grown  on  the  sapphire  substrate  with  a  prior  growth  of  AIN  like  the  dendritic 
or  hollow  crystals,^foUowed  by  fonning  a  much  smoo^er  surface  with  filling  the 
hollowed  portion  among  tie  plate-like  crystals.  The  x-ray  s^tra  showed  that  the 
crystalline  quality  of  temaiSAlxGai.xN  is  as  good  as  that  of  GaN.  The  FWHM’s  of  PL 
peak  of  the  ternary  thin  films  are  as  narrow  as  that  of  GaN  (95  meV). 
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List  of  Figure 


Figure  1  SEM  photograph  of  Alo.i3Gao.87N  thin  film  grown  on  (00*1)  sapphire  with  a 

prior  growth  of  AIN.  (a)  A  triangular  structure  form  by  the  plate-like  crystals  has 
been  observed,  (b)  A  smooth  (00«1)  surface  has  been  formed  by  filling  die 
hollowed  portion  among  the  plate -like  crystals. 

Figure  2  SEM  photographs  of  (1  l»0)Alo.2oGao.8oN’  grown  on  (01*2)  sapphire  substrates 
with  a  prior  growth  of  AIN.  (a)  A  smooth  surface  has  been  observed,  (b)  A 
rectangular  structure  form  by  the  plate-like  crystals  has  been  observed. 

Figure  3  The  x-ray  spectra  of  AlGaN  grown  on  (a)  (00»l)Al203.  (b)  (01»2)Al2O3  and 
(c)  (10Ci)Si .  with  a  prior  growth  of  GaN/AlN. 

Figure  4  The  low  temperature  PL  spectra  of  .A.lGaN  grown  on  (a)  {(X)»l)Al203.  (b)  (01*2) 
and  (c)  (lOO)Si.  with  a  prior  growth  of  GaNVAlN. 
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